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SECTION 1 

This repor t  presents  the  r e s u l t s  of one of t he  three p a r t s  of Contract 

NAS8-20358, e n t i t l e d  Advanced Spaceborne Tracking, Detection, and Navigation 

Study. The object ive of t h i s  par t  of the contract  was t o  evaluate the feas i -  

b i l i t y  of estimating the  i n e r t i a l  guidance platform e r r o r s  from data  obtained 

during a powered f l i g h t  ascent.  

One method of estimating the  i n e r t i a l  platform e r ro r s  is t o  combine the 

telemetry data ,  which contains information on the  vehic le  posi t ion-veloci ty  

s ta te  p lus  deviations i n  the  t ra jec tory  caused by the platform e r ro r s ,  with 

the tracking data ,  which a l s o  contains information on the  vehicle  state, 
but includes e r ro r s  from t h e  tracking system. 

There are three po ten t i a l  uses for t he  information contained i n  t h i s  com- 

bined platform-tracking system. If it is  possible  t o  estimate the  platform 

errors during a f l i g h t ,  then t h e  guidance system could be updated. Also 

the  a b i l i t y  t o  determine platform e r r o r s  would be useful i n  a pos t f l i gh t  
ana lys i s  where the object ive is t o  determine whether t h e  guidance components 

performed according t o  spec i f ica t ion .  Althoughthe primary i n t e r e s t  i n  t h i s  

study is t o  evaluate the  a b i l i t y  to  estimate the  guidance e r r o r s ,  a th i rd  
use of t h i s  data  would be t o  obtain a b e t t e r  estimate of the  vehic le  than 

could be obtained with t racking data alone. 

The f e a s i b i l i t y  of estimating the platform e r r o r s  has been evaluated i n  

t h i s  study by simulating an  o rb i t  determination process t h a t  would combine 

the  telemetry and tracking data .  

combined system and i n  par t icu lar  t h e  behavior of the  covariance matrix of 

the  e r r o r s  i n  estimate of the  posit ion-velocity state p lus  the  p l a t f o m  
and t racking e r ro r s ,  that has been investigated.  

var iance f i l t e r  has been assumed f o r  t he  est imat ion process. 

It is t he  ensemble behavior of t h i s  

A Kalman o r  minimum 

1- 1 
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Platform errors as w e l l  as a n o m i n a l  t r a j ec to ry  that are similar t o  a 

Saturn V mission have been used i n  the study. 

platform model, the tracking model, and the  minimum variance estimation 

are presented i n  Section 2. 

generate the covariance matrix of errors ,and the  nominal ascent t r a j ec to ry  

along which the  covariance matrix is propagated, are included i n  Section 3 
and Section 4, respect ively.  Section 5 d~8Cu8StS the e f f e c t  of individual 

e r ro r  sources i n  the platform and t racking systems on the t ra jec tory .  

These r e s u l t s  are used t o  def ine the s ign i f i can t  e r ro r  sources which should 

be included i n  the  combined platform-tracking system model. 

The equations f o r  the 

A discu8eion of the computer program used t o  

The pr inc ipa l  r e s u l t s  of the study are presented in Section 6 .  

sec t ion  the  f e a s i b i l i t y  of estimating the  platform e r ro r s  is evaluated as 
a parametric function of the system e r ro r  sources and tracking parameters. 

I n  th io  

I pEqf!iJ 
PC(ILCO.FOUD EOULOUATION 
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SECTION 2 

DERIVATION OF EQUATIONS 
. -  

2.1  INERTIAL PLATFORM ERROR MODEL 

The i n e r t i a l  platform model t ha t  has been used for  t h i s  study cons is t s  of 
up t o  30 e r r o r  sources and i s  similar t o  that  used by Daniels, Neighbors, 

and Cole, i n  Reference 1. The four types of accelerometer e r ro r s  and the 

four types of gyro e r rors  considered a re :  

CY the  ith accelerometer b ias ,  km/sec 2 i 

the  misalignment of the ith accelerometer i n to  the 

axis, radians "j j t h  

E the scale factor  e r ro r  of the ith accelerometer, 

par t s /par t  
i 

s the  threshold of the  i t h  accelerometer, km/sec 2 i 

the i n i t i a l  platform misalignment about the i th  

ax is ,  radians 
'oi 

0 the steady-state d r i f t  r a t e  of the i t h  gyro, 
rad/sec 

o i  

'Ii the mass unbalance d r i f t  about the input and spin 
usi I axes, (rad/secy(km/sec 2 ) 

c the  an isoe las t ic  d r i f t  of the ith gyro, 

( r ad  /sec) /( km/s ec2 
2 i 

2- 1 
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The platform is oriented in an inertial frame fixed at launch as shown in 

Figure 2-1. 

Y-UP 

SPIN .:::/:: 
Z-CR 

Figure 2-1 Platform Orientation 

The gyro input axes are along the X, Y, and z axes and the three accelero- 

meters are also assumed to  be mounted along these axes. 

2-2 
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The platform er ror  model used in t h i s  study includes the  t o t a l  e r ro r  i n  

acce lera t ion  caused by (1) the  misalignment of the  platform axes r e su l t i ng  

from the gyro d r i f t s  and i n i t i a l  misalignment, and (2) the e r ro r s  i n  the 

accelerometers themselves which are mounted on the d r i f t i n g  platform axes, 

f o r  a given nominal accelerat ion time his tory.  The d r i f t  rate f o r  the i t h  
gyro is given by 

f a G i s  1 

I aGio I 
, and a are the accelerat ions along the spin,  input,  G i s '  a G i I  Gio where a 

and output axes of the ith gyro, respectively.  
which is  found by integrat ing (2-l), i s  

The t o t a l  platform d r i f t ,  

where a P I i  i s  the accelerat ion along the ith idea l  platform axis ,  TP12Gi 
t h  

is t he  transformation from the ideal  platform axes to  the i 
and q i' 
2-1, TPIZG1, the  transformation from the idea l  platform axes t o  the  X 

gyro a x e s y i s  

gyro ax i s ,  

is the f i r s t  row of Tp12Gi. For the gyro or ien ta t ion  i n  Figure 

TP12Gl = 1 0 0 , [: : :] 
where the order of the gyro axes is  

(2-3) 

2-3 
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The accelerometer errors are found from the sensed acceleration along the 

accelerometer axes, a ', which is si 

"x + sx 
a ' =  CY + S  
si I Y Y  

I"z + sz 

+ I I E +I: % 

ezY 

E 
Y 

PXZ 

BYz 
E z 

The total error in acceleration is given by the sum of the accelerometer 
errors plus the error in acceleration caused by the platform misalignment. 
The total sensed acceleration can be written as the sum of the acceleration 

in ( 2 - 4 )  plus the cross product of the platform orientation angles, 

(2-2), and the true acceleration along the ideal platform axes. 

in 

This 

expression is 

a =[e @x + + s  sx 

si Y Y  
@z + sz 

+ [I + E] $1 
+ Q; %I3 ( 2 - 5 )  

& t z I 
where @denotes the cross product, and E is the matrix of scale factor 
and misalignment errors in ( 2 - 4 ) .  

2 . 2  DYNAMIC EQUATION OF THE VEHICLE 

The dynamic equations of the vehicle include the effects of gravity as well 

as the thrusting accelerations and the acceleration errors. 

can be expressed in an inertial frame as 

These equations 

2-4  
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where G(R,t) is the  grav i ta t iona l  acce lera t ion  and TA2r is the transformation 

from accelerometer axes t o  the i n e r t i a l  axes, and $I(t) has been defined 

as  the t rue  value of the non-gravitational accelerat ion.  Since apI ( t )  can 

be expressed as the difference between the  sensed acce lera t ion  and the  

acce lera t ion  e r r o r s ,  equation (2-6) can be wr i t ten  as 

r 1 .. 
(2-7) 

where f i  ( e , t )  i s  a function of the platform e r ro r s  and from (2-5) is given 
a 

by 

Representing (2-7) as 

.. 
R G(R,t) + f ( e , t ) ,  

( 2 - 8 )  

(2-9) 

and considering perturbations only about the  nominal values of R and a, 

r e s u l t s  i n  the l i nea r  equations of motion that a r e  used f o r  the  e r ro r  

ana lys i s .  These equations a r e  

.. 
A R = F M + B A a ,  (2-10) 

where 

= -1 3R R Nominal 

2-5 
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For the  purpose of e r ror  propagation, the t o t a l  state vector (z), i n  
general ,  may consis t  of the 6 vector of pos i t ion  (R) and ve loc i ty  (V) 
p lus  any number of the sensor error  and tracking b ias  e r r o r  sources (e), i.e., 

.-[;I -[:I (2-11) 

The state t r a n s i t i o n  matrix f o r  t h i s  expanded s t a t e  vector is  given by 

W t , t o )  = 

0 I 

t 

- 

U 8 0  

0 1  

The expression hx is  found by solving the following equation for 
b0 

- .  
- 

PR 

n .. 

(2-12) 

1 
I 
I 
t 
8 
8 
8 
8 
t 
1 
8 
1 
I 
I 
t 
I 
1 
I 
1 piiq[rn Space 6 Re-entry 

Systems Division PHILCO.FOR0 CORDORATION 

(2-13) 

where - is a 3x6 matrix and 
&O 

c,, 
AR 

The s e n s i t i v i t i e s  of the posi t ion and veloci ty  state t o  the ith platform 

error source are found by integrating the equation 

(2-14) 

2-6 
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The velocity partial - in (2-12) is found by differentiating the solution 
for - in (2-14). 
tivities (-) are given in Reference 2. 

3 ei 
Detailed descriptions of the error source sensi- i4ei 

>ei 

2.3 TRACKING EQUATIONS 

The tracking model is obtained by assuming that the radar observations 

are of the form 

Y = f(X, w, T) + P 

where X = 6 state of position and velocity (2-15) 
W = tracking bias errors 

Linearization of this equation about a nominal trajectory results in the 

following equations for the measurement y: 

hf x + TwW af + q(t) Y = =  (2-16) 

The tracking model consists of the partials of the observation with respect 

to the state (H) and the partial of the observation with respect to the 
measurement bias parameters (G), and the random measurement error vector 

q(t). For each observation the model is given by 

Y = Hx + Gw + q(t), (2-17) 

where H and G are row vectors. 

The tracking that can be simulated includes range, range-rateJ azimuth, 
elevation, right ascension, declination, and direction cosines, and their 

rates. 

in addition to the station-location errors for the station and a station 

clock error. 

Each of these measurements may contain a random and a bias error, 

2-7 
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2.4 MINIMUM VARIANCE ESTIMATION EQUATIONS 

Since the equations for the minimum-variance estimator are an essential 

part of the error analysis of the inertial platform and tracking systems, 

these equations are summarized here. 
inertial platform-tracking system that is to be studied and therefore the 

variance-covariance matrix of the error in estimate of the state (P) is 
processed by the filter. 
evaluate the measurement, platform, and state sensitivities, H, flu, and $, 

respectively. Residuals are not determined in this analysis. The following 
equations summarize the minimum variance or Kalman estimation process. 

It is the ensemble type behavior of the 

The nominal trajectory is used throughout to 

or 

After an Observation 

(2-18) 

(2-19) 

(2-20) 

(2-21) 

(2-22) 

2-8 
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where A 

x new estimate of the state after an observation n 
4 

x(t) = estimate of the state at time t before an 
observation 

LI = the gradient of the observation with respect 
to the state 

y = measurement 

K = filter gain 

Q = E[qqT] - the covariance matrix of the random 
measurement error q 

cv A 

x = x-x - the error in estimate of the state 
= E[;;] - variance-covariance matrix of the error 'n 

in estimate of the state 

Since the measurements are assumed to be processed sequentially, H = h 

is a 1 x m vector and Q = q is a scalar. 
estimated x is a 6 x 1 vector of the position-velocity state. 

Also, if no bias errors are 
However, 

if dynamic bias errors and measuremtent bias errors are estimated, then 

the total state vector xe is given by 

I' p G q g  
PWILCO~FORO COIPORATION 

Y e =  [I] Y 

2-9 
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where 
u = d x 1 vector of dynamic b i a s  e r r o r s  

w = m x 1 vector of measurement b i a s  e r r o r s  

For t h i s  study u may include the i n e r t i a l  platform bias  e r ro r  sources and w 

may include (1) range, range-rate,  azimuth, e levat ion,  or  d i r ec t ion  cosine, 

e t c . ,  measurement bias  e r ro r s ,  (2) s t a t i o n  locat ion e r ro r s  i n  l a t i t u d e ,  

longitude, and elevat ion,  and (3) the clock or measurement timing er ror .  

The t r a n s i t i o n  matrix for the expanded state vector xe is then given by 

@ =  
e 

6x6 6xd 6 m  
8 0 0  

dxd 
0 1 0  

U 

( 2 - 2 4 )  

The covariance matrix of the e r ro r  i n  estimate of the expanded s t a t e  (P,) 

w i l l  have the dimensions of Qe and is again propagated i n  t i m e  according 

t o  Section 2 . 4  with the  Qe of ( 2 - 2 4 ) ,  and updated a t  an observation accord- 

ing t o  ( 2 - 2 0 )  with an expanded H vector t ha t  is  given by 

( 2 - 2 5 )  

and an expanded covariance matrix given by 

2- LO 
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'de me 

. 6x6 1 

P 

W 

D T 
'de 

'me C1T 
T 

(2-26) 

D = E[ uuT] - the covariance matrix of the dynamic bias 
errors (including the inertial guidance 

errors) 

W = E[: wwT1 - the covariance matrix of the measurement bias 
errors and station location errors. 

A more detailed description of these equations is given in Reference 3. 

2.4.1 Equations for Determining the Effect of Neglecting Error Sources 

The standard equations for the Kalman filter, which have been summarized 

in the previous section, are applicable when a l l  the elements in the etate 
vector are to be estimated. 
has been developed which enable8 one to determine the effect of neglecting 

error sources. 

A variation on this basic estimation process 

The problem of determining which error sources are significant arises 

because of the large number of errors that may exist in the combined inertial 

platform-tracking system. Since it is unlikely that in an actual orbit 
determination, all the known error sources would be estimated, it become8 

necessary to determine in advance, which sources contribute significantly 
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6 x 6  

, 

‘de * D  

* 
‘me 

t o  the e r ro r  i n  estimate of the s t a t e ,  and therefore  should be modeled. 

Determining which e r r o r  sources are s ign i f i can t  can be accomplished by 
simulating the mission with the  e r ror  sources of questionable importance 

neglected from the model, and determining the e f f e c t  of neglecting these 

sources a t  the end of the  simulation. 

‘de ‘me, 
‘dn ‘mn 

c1 

c; w 

The general form of the t o t a l  s t a t e  covariance matrix (P,,), when some 

parameters a r e  estimated and other parameters a r e  neglected, is shown i n  

(2-27). 

ance matrices a r e  P, D and W, have been given i n  the previous sect ion.  The 

variances of the  neglected dyliamic parameters Do and the neglected measure- 

ment parameters W are constant ,  and therefore  not updated i n  time o r  a f t e r  

one observation. However, the cor re la t ions  between the neglected parameters 

and the estimated s t a t e ,  Cdn and Cmn, a r e  updated, and it is  through these 

co r re l a t ions  t h a t  the e f f e c t  of neglecting parameters is determined. 

The equations for  updating the  estimated parameters whose covari-  

0’ 

D O  

I 
1 
I 
1 
1 
U 
E 
c 
II 
8 
I 
I 
I, 

I 
1 
I 
I 
I 

PlilLCO-COR0 CORPORATION 

‘ne 
(2-27) 

The cor re la t ion  between the s t a t e  and the measurement b iases  (C,) 

and the  cor re la t ion  between the  s t a t e  and the  dynamic b iases  (C dn ) a re  

computed as follows: 
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(2-28) 

(2-29) 

(2-30) 

(2-31) 

where (-) and (+) denote time before and a f t e r  an observation, respect ively.  

The t o t a l  covariance matrix P which gives the uncertainty of having 

neglected measurement and dynamic b ias  e r ro r s ,  i n  addi t ion t o  the uncer- 

t a i n t i e s  given by P and P(t)  i n  (2-19) and (2-22), is 

' 
T 

n 

'T - 'e + 'dnDo mn o (2-32) 

where Pe is  the m x n matrix i n  (2-26) which includes P, D and W. 
t h e  l a s t  two terms i n  (2-32) can be wr i t t en  with Cdn and Cmn a8 cohmn vectors  

'mn 9 
and D and W as scalars, o r  with Cdn, 

(2-32) may be used t o  obtain the  e f f e c t  of neglecting individual  e r r o r  

sources o r  groups of e r ro r  sources. 

Since 

D, and W as matrices, equation 

2.4.2 The Concept of an Equivalent Observation 

One of the implications of t h i s  study is t h a t  a parametric ana lys i s  of the  

e r r o r  sources be made i n  order t o  determine the e f f ec t  of d i f f e r e n t  numerical 
values of the  e r r o r  sources. 

t h a t  t he  i n i t i a l  standard deviations of each e r ro r  parameter be changed 

through a wide range of values,  and the  e f f e c t  of these changes on the  

uncertainty i n  the  other e r r o r  sources as w e l l  as t h e  state, noted a t  the  

t ra jec tory .  

A parametric study of these e r ro r  sources requi res  

The technique presented i n  t h i s  sec t ion  enables the  i n i t i a l  

' 
PHILCO-FOUO COUPORATION 
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standard deviat ions of any of the estimated b i a s  parameters, t o  be changed 

i n  one simulation of the  mission, i .e.,  one computer run. 

A spec ia l  case of what has been defined as an equivalent observation, is 

where there  is no random measurement e r ro r .  In  t h i s  case a per fec t  

observation of the  posit ion-velocity state o r  of o ther  parameters can be 

made. The per fec t  observation i s  useful  fo r  determining the  e f f e c t  of 

an uncertainty i n  one parameter on the  uncertainty i n  another parameter, o r  

the  uncertainty i n  the pos i t ion  or ve loc i ty  state. 

2 .4 .2 .1  Equations For an Equivalent Observation. I n  a conventional e r r o r  

ana lys i s ,  where fo r  example one element of P may be the  var iance of an 

i n e r t i a l  guidance e r ro r  and a number of observations are made of the  vehicle  

(range, range-rate, etc.), the e f f ec t  of changing the  i n i t i a l  variance 
on the f i n a l  uncertainty of t he  vehicle state, would be determined 
by simulating the mission with a new value of t h i s  pa r t i cu la r  variance. 

This would correspond t o  changing the i n i t i a l  variance of the parameter 

(Po) by a f ac to r  of k, i .e. ,  

PA = kPo (2-33) 

However, t h i s  same value of the  i n i t i a l  variance (PA ) cad be found 

by taking a d i r e c t  observation of the parameter whose variance is t o  be 

changed (h = l), with a measurement e r ro r  variance (q) t h a t  is  specif ied 

such tha t  the state variance a f t e r  the  observation is PA . 
scalar case the equation fo r  an observation is  

For the 

pOq 

h P o + q  
2 
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Since the  value of P a f t e r  the observation (PA) i s  given by ( 2 - 3 3 ) ,  

equating (2 -33 )  t o  ( 2 - 3 4 )  and solving fo r  q gives the  r e s u l t  

( 2 - 3 5 )  q = P o -  k 
1-k 

The second p a r t  of t h i s  der ivat ion is  t o  show tha t  the order of the obser- 

vat ions does not matter, i.e. t he  d i r e c t  observation can be made a t  t h e  

end of the run as w e l l  as a t  the beginning. The f a c t  t h a t  t h e  order of 

the observations can be interchanged without changing the f i n a l  state 

uncertainty can eas i ly  be seen from the least squares form of P. 
The iden t i ty  between the  Kalman and least squares form of the  observation 
equation is  

c HPoHT + Q 1 HPo 
T 

P = P o  - P o H  

(2-36) 

After  a number of observations it can be seen t h a t  the state uncertainty P 

i s  given by 

3 T -1 
Hn Qn Hn 

(2-37) 

Clearly the order i n  which the terms i n  (2-37) are added, does not a f f e c t  

the r e s u l t .  Therefore it is  possible t o  change the i n i t i a l  variance 

of a parameter by a d i r ec t  observation of t h i s  parameter a t  the end of 

a run. 

2- 15 
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The use of an equivalent observation t o  change the i n i t i a l  variance can 

be summarized with the a i d  of Figure 2- 2. 

TIME 

Figure 2-2 Effect  of an Equivalent Observation 

t 

Space & Re-entry 
PHILCO.COF)O COLICORPTION Systems Pivdon 

The standard method of studying a parameter P is t o  f i r s t  make a run where 
i j  

the  i n i t i a l  value is P (0) and the f i n a l  value i s  P .(f) . A second run 
i j  1 3  

is then made where the i n i t i a l  uncertainty is  changed by a f ac to r  of k P A 1 ( 0 )  
A J  

t o  P' ( 0 ) .  The uncertainty a t  the end of the run i s  P '  ( f ) .  With 

the equivalent observation concept, the f i n a l  value Pij(f), as w e l l  8s 
ij ij 

e f f e c t  on other elements of the  state, is obtained by the equation 

2- 16 



P' ( f )  = P(f) - P(f) HT [H P(f)HT 4- P il (0)*] -' RP(f) (2-38) 

where 

and the  locat ion of t he  1 i n  (2-39) correeponds t o  the  parameter that is  
being observed. 

In t h i s  manner any number of changes can be made i n  one o r  more of the 

i n i t i a l  variances by adding equivalent observations a t  the  end of a run. 

Thus the  r e s u l t s  of a number of computer runs can be obtained i n  one run. 

1 2 .4 .2 .2  

equivalent observation concept i s  where a per fec t  observation i e  made 

of a parameter. An observation of t h i s  type has the  H of 

the element i n  H which is 1 corresponds t o  the  element of the  state which 

is being observed, but there  is no measurement e r ro r  variance Q. 
per fec t  observation of a measurement b ias  e r r o r  on the  covariance matrix 
P is given by 

The Equations For a Perfect Observation. A epec ia l  case of t he  

(2-39), where 

The e f f e c t  of a 

I 

p' = P - cm w - l  C T  (2-40) 

where Cm is the column vector of cor re la t ions  between the state and the 

measurement b ias  which is being observed. The e f f e c t  on P of a per fec t  
observation of a dynamic b ias  e r ro r  is given by 

-1 T 
'd 'd P ' = P -  

2- 17 
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A per fec t  observation of a parameter may be useful fo r  determing some 

of the in te r re la t ionships  between the parameter uncertaint ies .  

by comparing the uncertainty i n  a platform e r r o r  source a t  the end of a 

run with the same uncertainty a f t e r  a per fec t  observation of a measurement 

b i a s  e r ro r ,  the e f f e c t  of the uncertainty i n  the measurement b ias  e r r o r  on 

the uncertainty i n  the platform e r ro r  source can be'determined. 
de ta i led  discussion of these concepts are included i n  Reference 4. 

For example, 

A more 
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SECTION 3 

POWERED FLIGHT ERROR PROPAGATION PROGRAM 

The computer program t h a t  has  been used t o  obtain the numerical r e s u l t s  

for  t h i s  study is the  Powered Fl ight  Error Propagation Program. The 

o r ig ina l  version of t h i s  program was wri t t en  by Philco-Ford f o r  NASA 
Goddard under Contract NAS-5-9700, and is described i n  Reference 2. 

The program simulates an ac tua l  o rb i t  determination tha t  would combine the  

t racking da ta  from the ETR radars  with the  telemetry data  from the  vehicle ,  

and would be used t o  estimate the posi t ion and ve loc i ty  of the vehic le  plus  

any addi t iona l  parameters such as the i n e r t i a l  platform e r r o r s  o r  t he  

t racking bias er rors .  

ensemble behavior of t he  combined i n e r t i a l  platform-tracking system under 

a wide va r i e ty  of conditions. 

As a r e s u l t ,  i t  is a useful  t oo l  for  studying the 

The e s s e n t i a l  output from the  program is  a variance-covariance matrix of 

e r r o r s  i n  estimate of the  pos i t ion  and ve loc i ty  state, and the  estimated 

e r r o r  parameters. 

powered f l i g h t  t ra jec tory .  A general f l a w  diagram of the  program functions 

are shown i n  Figure 3-1. 

The covariance matrix is  propagated along a nominal 

The program reads an  input tape of the nominal t ra jec tory  pos i t ion  X(t) and 

acce lera t ion  A ( t )  t h a t  is generated by the Philco Ford Powered F l igh t  Optimi- 

za t ion  Program. (Ref. 2) The gravity p a r t i a l s  (P) are evaluated fo r  t he  
nominal values of X ( t )  and the  platform e r ro r  p a r t i a l s  a r e  evaluated fo r  

t he  nominal values of accelerat ion A ( t ) .  

t i a l  equations f o r  the deviations about the nominal t ra jec tory .  

equations are integrated f o r  short  time in t e rva l s  i n  order t o  obtain the 

t r a n s i t i o n  matrices d and @". 
t r a j ec to ry  r e su l t i ng  from the guidance e r rors .  

These p a r t i a l s  define the d i f fe ren-  

These 

The matrix Su defines  the  per tubat ion of the 
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The transition matrices are used to update the covariance matrix (P) in 
time. There is no modification made to the trajectory in the sense that 

the actual perturbed trajectory is calculated. 

The essential part of the estimation process which simulates an orbit 

determination is the updating of the covariance matrix P. 
in Figure 3-1 P is propagated between two points in t i m  baaed in the 
previous value of P and the total transition matrix @. 

in time accounts for the fact that the guidance errors will in general 
increase the state uncertainty P as the time along the trajectory increases. 

As shown 

This propagation 

The data from the trackers is incorporated into the estimation by updating 
the state uncertainty at each observation. 

at a time, that is the partial of the observation with respect to the state 
(HI is a vector and the random tracking error q is a scalar. 

Observations are processed one 

The program has a capability of handling a 60 x 60 covarinace matrix. 
elements include the uncertainty in the three coordinates of position and 
the three coordinates of velocity, which are initially zero, plus the un- 
certainly in any inertial guidance error, or tracking bias error. Up to 
30 guidance errors may be included in the guidance model. 

ance errors that may be included in the program are sunnnarized below. 
The numbers associated with them are used in the program for "bookkeeping" 

purposes. 

It's 

The 30 guid- 

ERROR SOURCE 

Accelerometer scale factor -x, y, z axes 
Accelerometer misalignment y to x, y to z axes 

Accelerometer misalignment z to x, z to y axes 
Accelerometer misalignment x to y, x to z axes 

Accelerometer bias x, y, z axes 
Accelerometer thresholds x, y, z axes 

Initial platform misalignment x, y, z axes 

Steady state drift rate Roll,Yaw,Pitch Gyros 

PROGRAM NUMBER 

1,5,9 respectively 

2,8 

3,6  
497 
lO,ll, 12 
13,14,15 

16,17,18 

19,20,21 
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ERROR SOURCE PROGRAM NUMBER 

Input ax i s  mars unbalance d r i f t  Roll ,  Yaw, P i tch  Gyros 22,23,24 

Spin ax i s  mass unbalance d r i f t  Rol l ,  Yaw, P i t ch  Gyros 25,26,27 

Anisoelast ic  d r i f t  of Roll, Yaw, P i tch  Gyros 28,29,30 

These numbers w i l l  appear i n  the covariance matrix output shown i n  

Appendix A.  

azimuth, e levat ion,  l a t i t ude ,  longitude, and a l t i t u d e  can be included i n  

the covariance mtr ix.  

I n  addi t ion,  tracking b ias  e r r o r s  such as range, range-rate,  

The program 

There a re  two basic  options f o r  t r ea t ing  b ias  e r ro r  sources. The standard 

option is where a l l  the  b ias  e r r o r s  are estimated. 

variance i s  assigned t o  a b ias  e r ro r  source such as a platform e r r o r  o r  

tracking b i a s  e r ro r ,  and the estimation process attempts t o  reduce th i s  

i n i t i a l  uncertainty i n  the bias e r ro r .  

covariance matrix P and the applicable equations fo r  updating P are those 

discussed i n  Section 2 . 4 .  

has a number of options which have been developed fo r  t h i s  study. 

In  t h i s  option an i n i t i a l  

The b ias  e r r o r  is pa r t  of the t o t a l  

The second option tha t  can be used fo r  b i a s  e r ro r s  is  the  neglect option. 

For t h i s  option the variance of the e r ror  source remains constant through- 

out  the run; however, the cor re la t ions  between the neglected parameters and 

the  estimated parameters are updated according t o  (2-28)  through ( 2 - 3 1 ) .  The 

e f f e c t  on the  t o t a l  state uncertainty ( the  posit ion-velocity s ta te  p lus  any 

estimated e r r o r  sources) of neglecting the  e r ro r  sources i s  calculated a t  

each output time according to (2 -32 ) .  
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TWO addi t iona l  options e x i s t  i n  the  Powered F l igh t  Error Progagation 

Program t h a t  enable equivalent observations t o  be made. 

has been described i n  Section 2.4.2 and provides a way of studying bias error8 
parametrically i n  one computer run. 

matrix of varying the i n i t i a l  value of one o r  more b ia s  error sources 

through a wide range of values i s  obtained by adding equivalent observations 

a t  the end of a run. 

The f i r s t  option 

The e f f e c t  on the  f inal  covariance 

The second equivalent observation, a d i r ec t  observation of a spec i f i c  

parameter (h = 1) with zero e r ro r  variance (q),  can be used t o  determine 

the uncertainty in  the posi t ion,  veloci ty ,  o r  other e r r o r  p a r m e t e r ,  t h a t  

r e s u l t s  from another e r ro r  source. The use of t h i s  option provides a means 

of separat ing the t o t a l  uncertainty i n  one e r r o r  source according the  con- 

t r i b u t i o n  from other  e r ro r  sources. 
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SECTION 4 

THE ASCEWT TRAJECTORY 

The ascent t r a j ec to ry  which has been used as the nominal t r a j ec to ry  for 
t h i s  study is similar t o  a Saturn V t ra jec tory .  

generated by the  Philco-Ford Powered F l igh t  Optimization Program. 

output of the  program is a t ra jec tory  tape which contains the vehicle  

pos i t ion  and accelerat ion at d i sc re t e  t i m e  points .  

of the nominal t r a j ec to ry  is shown i n  Figure 4-1. 
t h i s  t r a j ec to ry  ( l a t i t ude  vs. longitude) i s  shown i n  Figure 4-2. 

locations of the tracking s t a t i o n s  are also shown i n  t h i s  f igure.  

This t r a j ec to ry  was 
The 

An a l t i t u d e  p r o f i l e  

The ground t rack  fo r  

The 

Variations of t h i s  basic t r a j ec to ry  have a l s o  been used. 

w a s  determined the  r e s u l t s  presented i n  the succeeding sect ions are not 

s ens i t i ve  t o  small var ia t ions  i n  the t ra jec tory .  

t r a j ec to ry  whose f i n a l  a l t i t u d e  w a s  about twice the value i n  Figure 4-1 
caused no s igni f icant  changes in the  a b f l i t y  t o  estimate the guidance 

e r rors .  

i n  Figure 4-3. 

However, it 

In par t icu lar ,  one 

Acceleration leve ls  i n  the DR, CR, UP coordinate system are shown 
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TIME FROM LAUNCH ( M I N U T E S )  

Figure 4-1 Trajectory Altitude vs Time 
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SECTION 5 

SELECTION OF COMBINED PIATFORM-TRACKING 

Pr ior  t o  determining the f e a s i b i l i t y  of estimating the  i n e r t i a l  platform 

e r ro r s ,  an  analysis  w a s  made t o  evaluate the e f f e c t  of individual e r rors ,  

both from the tracking and the inertial platform. 

the effect  of the i n e r t i a l  platform errors on the  t r a j ec to ry  dispersions,  

(2) t he  e f f e c t  of varying the numerical values of the platform errors, and 

(3) the e f f ec t  of the tracking b i a s  e r rors .  

This ana lys is  shows (1) 

5 . 1  DISPERSIONS FROM THE PLATFORM ERRORS WITHOVT TRACKING 

The dispersion8 r e su l t i ng  fram the i n e r t i a l  platform e r r o r s  have been deter-  

mined by propagating an i n i t i a l  covariance matrix (Po), consis t ing of the 

30 platform e r ro r s ,  along the nominal t r a j ec to ry  according t o  (2-19). 

RMSP and the RW3V of these e r r o r s  are  shown i n  Figures 5-1 and 5-2 where 

the  RMSP and RHSV are defined a s  

The 

W P  = 3 Pll + P22 + P33 

m v  = JP44 + PS5 + PG6 

The t o t a l  uncertainty i n  posi t ion and ve loc i ty  a t  the end of t he  t r a j ec to ry  

is  seen t o  be 0 . 5  km and 2 m/sec, respectively.  Abreakdown of these e r ro r s  

in the  loca l  tangent plane (DR, CR, UP) is shown i n  Figures 5-3 through 5-8.  

Although the three  components of er rors  do not d i f f e r  s ign i f i can t ly ,  the 

la rges t  e r r o r  i n  both pos i t ion  and veloci ty  is an a l t i t u d e ,  and the smallest 

is i n  the  down range d i rec t ion .  
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TIME - M I N U T E S  

Pigme 5-2 RMS Uncertainty in  Velocity State from the 30 Platform Error Sources 
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Figure 5-3 30  Standard Deviation of Brror in  Eitimate of the State 
in Cross Range Direction 
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Figure 5-4 30 Standard Deviation of Error i n  Ertinntc of the State 
i n  the Up Direction 
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Figure 5-6 30  Standard Deviation of Error In Estimate of the 
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Figure 5-7 30 Standard Deviation of Error i n  Estimate of the 
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I n  order t o  determine the relative e f f ec t  of ind iv idua l  e r r o r  sources on 

the  t o t a l  pos i t ion  and ve loc i ty  dispersions,  t he  e f f e c t  of neglecting each 

of the  30 e r r o r  sources has  been evaluated. The e f f e c t  of each e r ro r  source 

on the  pos i t i on  uncertainty is given by 

a 

m p p  = J c ci f c; , 
i=1 

where each C is the  co r re l a t ion  between one iner t ia l  e r r o r  source and one 01: the  

three  coordinates of posi t ion.  
from the  platform e r r o r  sources, the square roo t  of the sum of the  lUvlSpp'S 

squared from a l l  the  e r r o r  sources is equal to  t he  0.5 km i n  Figure 5-1. 

The r e l a t i v e  importance of the  individual e r r o r  sources is shown i n  
Table 5-1. 

platform misalignments. 

se lec ted  for  the  f i n a l  e r ro r  model of t he  i n e r t i a l  platform. 

e r ro r  sources i n  t h i s  t ab le  c l ea r ly  have a negl ig ib le  e f f e c t  on the  t r a j ec -  

tory,  and therefore  were omitted from the f i n a l  model. 

i 
Since the  t o t a l  pos i t ion  uncertainty is only 

The most s ign i f i can t  error sources are seen t o  be the  i n i t i a l  

The f i r s t  20 e r r o r  sources l i s t e d  i n  Table 5-1 were 

The last 10 

If the  same platform e r r o r  sources are  propagated by considering each source 

as an element of the  s t a t e  vector,  i . e . ,  by (2.19), then the  e f f ec t  of 
parametric changes i n  the  platform er ror  sources can be obtained. This i s  

done by making an equivalent observation of the p a r t i c u l a r  e r ro r  source of 

interest, for  each parametric change. 

var iance for  each source, through a range of 10 t o  10 around the  nominal 

value,  has been obtained. 

i n i t i a l  variances of the  f i v e  most s ign i f i can t  e r r o r  sources, a r e  shown i n  

Figures 5-9 through 5-13. 

change i n  any one source t o  improve the RMSP a t  in j ec t ion ,  however, a 

s l i g h t  increase i n  one of the sensor variances w i l l  cause a s ign i f i can t  

change i n  the REisP. 

The e f f e c t  of changing the  i n i t i a l  
-2 2 

Changes i n  the  f i n a l  RMSP for  changes i n  the 

As might be expected, i t  takes a s ign i f i can t  
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TABLE 5-1 ORDER OF IMPORTANCE OF THE INERTIAL PLATFORM KRRORS 

’ROGRAM 
NO. 

17 

18 

2 

3 

16 

21 

4 

6 .  

20 

11 

10 

12 

1 

5 

19 

27 

30 

23 

- 
RANK 

- 
1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

- 

SOURCE 

OoY 

002 

Z X  
P 

0 

8 
ox 

z 

BXY 

ZY 
e 

Q 
Y 

N 
Y 

CY 
X 

N 
2 

€ 
X 

6 
Y 

iX 

c”SZ 

cz 

3 Y  

Initial platform misalignment about Y-axis 

Initial platform misalignment about z-axis 

Y Accelerometer misalignment into X-axis 

2 Accelerometer misaligrunent into X-axis 

Initial platform misalignment about X-axis 

Steady-state drift of Z gyro 

X Accelerometer misalignment into Y-axis 

Z Accelerometer misalignment into Y-axis 

Steady-state drift of Y gyro 

Y Accelerometer bias 

X Accelerometer bias 

2 Accelerometer bias 

X Accelerometer scale factor 

Y Accelerometer scale factor 

Steady-state drift of X gyro 

Spin axis m s s  unbalance of Z gyro 

Anisoelastic drift of Z gyro 

Input axis mass unbalance of Y gyro 
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RMSPP 
I METERS 

3 16 

2 13 

146 

134 

129 

112 

110 

110 

100 

85 

77 

77 

65 

62 

38 

33 

32 

7.9 

IPnlLCOIrn 
PHILCO-FORO CORWRATION 

Space 65 Re-entry 
Systems Division 



i 
PROGRAM 
NO. 

22 

15 

13 

8 

7 

9 

25 

26 

24 

29 

28 

14 

- 
RANK - 
19. 

20.  

21. 

22.  

23. 

24. 

25. 

!6.  

!7. 

!8. 

9 .  

0. 

- 

3 x  

sz 

sX 

A 
YZ 

aXZ 

I3 
2 

L 
SX 

L 
SY 

kZ 

Y 

X 

Y 

Input axis mass unbalance of X gyro 

2 Accelerometer threshold 

X Accelerometer threshold 

Y Accelerometer misalignment into Z axis 

X Accelerometer misalignment into Z axis 

Z Accelerometer scale factor 

Spin axis mass unbalance of X gyro 

Spin axis -8s unbalance of Y gyro 

Input axis mass unbalance of Z 8yro 

Antsoelastic drift of y gyro 

Anisoelastic drift of x -0 

Y Accelerometer thresh0 Id 

1 

6.1 

1.7 

.009 

.006 

.005 

.003 

.002 

.001 

.0008 

1 .2 x 10': 

.2 

0 
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Figure 5-9 Variation8 in  Final RHSP for Changes i n  I n i t i a l  Standard 
Deviation of I n i t i a l  Hisallgmnent About Y Axis 
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FigUte 5-10 Variations i n  PiMl RUSP for Changes i n  I n i t i a l  Standard 
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Figure 5-11 Variations in Final RMSP for Changes in Initial Standard Deviation of 
y Accelerometer Into X Axis 
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Figure 5-13 Variations in Final RllsP for Changer i n  Initial Standard Deviation 
of Initial Platform Misalignment About X Axis 
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5.2  THE TRACKING MODEL 

The tracking model that was used f o r  th i s  study consis ted of s ign i f i can t  

e r r o r  sources from the  C-band radars .  

Ascension Is land could not observe the veh ic l e  u n t i l  near the  very end of 

the  t r a j ec to ry ,  and therefore  the two radars  a t  t h i s  s i te  were not considered. 

The e r r o r  sources a t  each radar  consis ted of random and b i a s  errors i n  

range, azimuth and elevat ion.  S ta t ion  loca t ion  e r r o r s  ( l a t i t ude ,  longitude, 

and a l t i t u d e )  were also considered. 

Up t o  nine t rackers  w e r e  Considered. 

The numerical values of the tracking errors as w e l l  as the loca t ion  of the 

C-band radars  are l i s t e d  i n  Table 5-2. These values were obtained from 

Reference 5 ,  with t he  exception of the  station location errors and the  

accuracy of the NASA t racker  a t  Bermuda. 

Since the  t o t a l  number of b i a s  e r ro r s  from t h e  nine t rackers  could be as 

many as 54, a study was f i r s t  made t o  determine the  importance of these 

e r r o r s  i n  order to  eliminate any e r ro r s  t h a t  do not s ign i f i can t ly  a f f e c t  

the  system. 

measurement biases  neglected, and second, with the s t a t i o n  locat ion errors 

neglected from the  model. 

t racking system w a s  simulated w i t h  20 guidance e r r o r s  included i n  t h e  model. 

The e f f e c t  of neglecting the s t a t ion  locat ion and measurement b ias  is shown 

i n  Table 5-3. 

T h i s  was accomplished by making two runs; f i r s t ,  with the  

In  both cases the  combined i n e r t i a l  platform- 

The values shown represent the  e f f ec t  of neglect ing the  individual t racking 

e r r o r s  on both the posi t ion uncertainty and the  ve loc i ty  uncertainty.  

Since the t o t a l  s i z e  of the covariance matrix (P) could be up t o  60 x 60, 

and t h i s  number must include the 20 guidance errors and the s ix  coordinates 

of pos i t ion  and ve loc i ty ,  up t o  34 tracking biases could be included i n  the  

model. 

a r e  indicated i n  Table 5-3. 

The t racking b ias  e r ro r s  tha t  were omitted from the f i n a l  model 

5- 18 

Space G Re-entry 
Systems Division 



TR -DA 1569 

el o w  4-L m 

IPnlLCOIW 
PWILCO-COUO COUPOUATION 

Space & Re-entry 
Systems Division 



TR-M1569 

BERMUDA 1 

BERMUDA 2 
ANTIGUA 

BERMUDA 1 
BERMUDA 2 

ANTIGUA 

ANTIGUA 

G. TURK 

G. TURK 

BERMUDA 1 

BERMUDA 2 

BAHAMA 1 

BAHAMA 2 

G. TURK 

BERMUDA 2 

BERMUDA 1 

CAPE 5 
M E R I T  IS. 

PATPiICK 

ANTIGUA 

G. TURK 

BAHAMA 1 
BAHAMA 2 

BAHAMA 1 
PATRICK 

M A M A  2 

PATRICK 

M E R I T  IS 

BERMUDA 2 

La 

La 
La 

Lo 
Lo 
R 

Lo 
Lo 
La 

R 
R 
R 
R 

R 

A l l  

A t  

R 

R 

R 

A 1  
A4 
Lo 
Lo 

La 
Lo 
La 
E 
E 
E 

. 164 

. 163 

.134 

.548 x 10-1 

.546 x 10-1 

.518 x 10-1 

.461 x 10-1 

.451 x 10-l' 

.288 x 10-1 

.212 x 10-1 
0212 x 10-1 

-171 x 10-1 
.171 x 10-1 
.163 x 10-1 
.155 x 10-1 

.154 x 

.993 x 

.942 x 

.920 x 

.842 x 

.527 x 

.110 x 

.lo9 x 

.982 
'.973 
.961 

.925 

-859 
.828 

5- 20 

.527 x loo3 

.524 

.889 loo3 

.261 x 

.261 x 

.306 

.330 

.569 

.453 lom3 

-146 
.146 

-282 lom3 

.282 

-189 
,795 10'~ 

.793 

.724 

.lo8 lom4 

.728 
-377 

-254 
.229 

..lo8 

.227 

.135 
-124 
-256 

-4 
-770 x 10 

.259 x 
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TABLE 5-3 (Cont) 

VELOCITY 
POSITION UNCERTAINTY UNCERTAINTY 

STATION ERROR , (WPP)  (am) (WW) (km/sec) 

M E R I T  IS 
PATRICK 

ANTIGUA 

CAPE 5 

G. TURK 

BERMUDA 2 

CAPE 5 

CAPE 5 

B A I W  2 

B M  2 

BERMUDA 1 

BAHAMA 1 

BAHAMA 2 

BERbfUDA 1 

B A H M  1 

G. TURK 
B A H A M A 1  

ANTIGUA 

M E R I T  I S  

PATRICK 

CAPE 5 

M E R I T  I S  

A 

A 

E 

E 
E 
A 

A 

Lo 

Al,  

E 
E 
A 4  
A 

A 

B 
A 

A 

A 

Lo 
La 

La 

La 

.764 
-633 loo3 

-516 

. s c ~ . ’ ~  
-498 
.&82 

-481 

-477 

,476 

.466 

-462 

-445 

.280 

-268 

.265 

-226 loo3 
.218 

,320 

.274 

b 531 x 

.250 x 10:; 

-250 x 10 

.203 

.195 x 
-272 x 10” 

-720 

.161 
-5* 

-4* 
-5* 

055.5 x 10 

-125 x 10 

-373 x 10 

-103 * 
.lo8 * 
,144 * 
.lo1 * 
.117 * 
.312 * 
.611 10’~ * 
.154 * 
.656 

.182 ’* 

.191 * 

.629 * 

.131 * 
-6 * -946 x 10 

* Denotes those e r ro r  sources eliminated 

The t racking model therefore  consis ts  of th i r ty- four  t racking s t a t i o n  

error sources. 
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Although the  se lec t ion  of t he  tracking model has been made on the  basis 
of the  pos i t ion  and ve loc i ty  uncertainties, the  e f f e c t  of neglecting 

tracking biases  on the guidance e r rors  has a l s o  been evaluated. 

shows these r e s u l t s .  The i n i t i a l  values of the guidance error uncer ta in t ies  

and the f i n a l  values for the  nominal model are shown. Also the  f i n a l  values 

of the guidance e r ro r  standard deviations are shown f o r  the  cases where 

(1) a l l  the measurement biases  are neglected and (2) a l l  the s t a t i o n  loca- 

t i o n  e r r o r s  are neglected. Clearly both of these classes of e r ro r  sources 

a r e  too important t o  be neglected from the model, if the  guidance e r r o r s  

are t o  be estimated. 

Table 5-4 

The tracking radars t ha t  have been used fo r  t h i s  study a r e  i n  general 

the same ones tha t  have been used f o r  preliminary Saturn test f l i g h t s  

(Reference 6) .  
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TABLE 5-4 

molt* 
SOURCE 

17 
18 
16 
21 
4 
20 

11 
10 . 
12 
1 

5 

19 

27 
30 

23 
22 

15 

EFFECT OF NEGLECTING TRACKING BIASES ON THE ESTIMATION 
OF PLATFORM ERRORS 

FINAL 30 VALUES 
INITIAL 

3 0  VALUE For 
Vominal Model 

eJith Measurement 
Biases Neglected 

0.566~10-~ 

0.218~10-~ 
0.191~10-~ 
0.107~10-~ 

0.176~10-~ 
0.139~10-~ 

0.167~10-~ 
0.27 1 ~ 1 0 - ~  
0.310~10-~ 

0.141~10-~ 
0.207~10-~ 
0.560~10-~ 
0. S ~ O X ~ O - ~  

0.386~10-~ 
0.15 1x1f4 

With Station 
Location Biases 

Neg 1 ec t ed 

0.309~10-~ 
0.474~10-~ 
0.474~16~ 

0.351~10-~ 
0.208~10-~ 

0.240~10-~ 
0.660~10-~ 
0.653~10-~ 
0.310~10-~ 

0.355~10-~ 
0.126~10-~ 

0.429~10-~ 

0.231~10-~ 
0.154~10-~ 

0. 122x10-5 

* 
These numbers refer to program number assigned to each error source 
i n  Table 5 .1  
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SECTION 6 

THE ESTIMATION OF INERTIAL PLATFORM ERRORS 

The pr inc ipa l  r e s u l t s  of the  study a re  presented i n  t h i s  sect ion.  
r e s u l t s  show the f e a s i b i l i t y  of estimating the i n e r t i a l  platform e r r o r s  

during a powered f l i g h t  ascent by combining the  telemetry and tracking 

data.  

These 

The general  method that has been used is  t o  examine the  behavior of a 

covariance matrix of e r ro r  dispersions along the  nominal t ra jec tory .  

In  p a r t i c u l a r ,  the  amount by which the standard deviat ions of t he  guidance 

e r r o r s  reduced, w a s  used a s  a c r i te r ion .  Although no absolute f igure  of 

m e r i t  has been defined for  the amount by which these standard deviat ions 

decrease,  i t  has been assumed t h a t  a decrease i n  the  3 0  value of an e r ro r  

source by an order of magnitude, would be s igni f icant ;  conversely, if the  
standard deviat ion of a pa r t i cu la r  e r ror  was reduced by a small percentage, 

it has been assumed t h a t  t h i s  error source could not be estimated very 

w e l l  i n  an ac tua l  f i t t i n g  process using real telemetry and t racking data.  

In  addi t ion  t o  the  r e s u l t s  for  the nominal platform-tracking model, the 

r e s u l t s  of a number of parametric var ia t ions  of the  e r ro r  sources are 

presented. The object ive for  studying the  e r r o r  sources parametrically 

w a s  twofold. F i r s t ,  it was desired t o  determine whether the a b i l i t y  t o  

estimate each of t he  e r ro r  sources depended on the  r e l a t i v e  accuracies 
of t he  guidance e r ro r  compared to the t racking accuracies,  o r  whether there  

are c e r t a i n  error sources that cannot be estimated regardless  of the  r e l a t i v e  

accuracies .  The second reason f o r  presenting parametric data  was simply 

t o  showhow the  r e s u l t s  changed for changes i n  s ign i f i can t  parameters of 
t h e  model. 
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6.1 ESTIMATION OF PLATFORM ERRORS W I T H  NOMINAL TRACKING 

A simulation of t he  combined platform-tracking system has been made with 

an e r ro r  model t h a t  includes (1) t h e  f i r s t  20 guidance e r r o r s  i n  Table 5-1. 
(2) the  f i r s t  34 tracking has e r r o r s  i n  Table5-3, and (3) the  unce r t a in t i e s  

i n  t he  s i x  components of pos i t ion  and velocity.  

object ive was t o  evaluate  the  behavior of the  standard deviat ions of t he  
guidance e r ro r s ,  t he  uncertainty in the vehic le  pos i t ion  (RMSP) and ve loc i ty  

(RMSV) have a l s o  been included in the re su l t s .  

Although the primary 

--_-- - 

The uncer ta in t ies  i n  the vehicle  posit ion and ve loc i ty  are about 30 meters 

and 0.2 meters/sec as shown i n  Figures 6-1 and 6-2.* A breakdown of these 

uncer ta in t ies  i n t o  the DRY CRY and UP d i rec t ions  is a l s o  shown i n  the  

f igures .  
considerably from the  case where there  was no t racking (Section 5.1), the  
l a rges t  uncertainty is s t i l l  i n  the  Up d i rec t ion  and the  smallest i s  i n  the 

DR d i rec t ion .  

Although the magnitude of the dispers ions has been reduced 
I 

A s  a point  of i n t e r e s t ,  t he  a b i l i t y  t o  estimate the  vehicle  pos i t i on  and 

ve loc i ty  with t h e  combined platform-tracking model was compared with an 

estimate of the vehtc le  state with tracking only. Figure 6-3 shows the 
pos i t i on  and ve loc i ty  uncer ta in t ies  with no platform e r r o r s  in t h e  model. 

A large i n i t i a l  uncertainty was  assumed i n  order t o  evaluate the  t racking 

system alone. 

much b e t t e r  estimate of the  vehic le  s t a t e  can be obtained with the  guidance 

e r r o r s  i n  the  model. 

Figure 6-1, and 0.06 m/sec i n  ve loc i ty  compared t o  the  0.2 m/sec i n  

Figure 6-2.) 

A comparison of Figures 6-1 and 6-2 with 6-3 shows tha t  a 

(60 meters i n  posi t ion compared t o  the  30 meters i n  

* 
Figures appear a t  end of Sect ion 6. 
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The time h i s t o r i e s  of the  f i r s t  17 guidance e r r o r  standard d i r ec t ions  

are shown i n  Figures 6-4 through 6-20. Five e r r o r  sources showed no 
improvement along the  t r a j ec to ry  f o r  the  nominal case. 

a r e  

These sources 

1. Spin ax i s  mass unbalance of the 2 gyro 

2.  Anisoelast ic  , d r i f t  2 gyro 

3. 

4. 

5. Threshold of the  Z accelerometer . 

Input ax i s  mass unbalance of the  Y gyro 

Input ax i s  mass unblance of the X gyro 

The l a s t - t h r e e  e r r o r s  sources i n  t h i s  group were not p lo t ted .  

two were p lo t ted  (Figure 6-19 through 6-20) as there  w a s  some va r i a t ion  

for  changes i n  the  tracking. 

s e c t  ion. 

The f i r s t  

These r e s u l t s  w i l l  be discussed i n  a later 

In Figures 6-4 through 6-6, t he  one curve which is shown is f o r  the  

nominal model. I n  Figures 6-7 through 6-10, the  curve labeled (1) per t a ins  

t o  the nominal model. 

been labeled a s  such. 
I n  Figures 6-11 through 6-20 the  nominal curve has 

The behavior of the  guidance e r ro r  standard deviat ions for  nominal tracking 

may be summarized with the a i d  of Table 6-1. The i n i t i a l  and f i n a l  values 

of the  standard deviat ions are shown as well as the percentage decrease. 

I n  general ,  the grea tes t  improvement the standard deviat ions occurred for  

those e r r o r  sources which caused the  largest  d i spers ion  i n  the t r a j ec to ry  

as determined i n  Table 5-1. 

component e r ro r s  may be found i n  terms of the  acce le ra t ion  levels. As 

shown i n  Figure 4-3, the  acce lera t ion  i n  the  2 d i r e c t i o n  (CR) is  very small. 

A s  a r e s u l t  the  components t ha t  cause e r r o r s  i n  t h i s  d i r ec t ion  have- less 
e f f e c t  and therefore  t h e i r  standard deviations do not improve s ign i f i can t ly .  

An addi t ional  explanation for  some spec i f i c  
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TABLE 6-1 

PERCENTAGE DECREASE I N  GUIDANCE ERROR UNCERTAINTIES 
FOR NOMINAL TRACKING 

ERROR SOURCP 

17 
ia 
2 
3 
16 
21 
4 
6 
20 
11 
10 
12 
1 

5 
19 
27 
30 

23 
22 
15 

INITIAL 3 0  VALUE 

0.174-3 
0.873-4 
0.739-4 
0.739-4 
0.873-4 
0.242-6 
0.739-4 
0.739-4 
0.242-6 
0.5-6 
0.5-6 
0.5-6 
0.36-4 
0.36-4 
0.242-6 
0.371-4 
0.202-2 

0.148-4 
0.148-4 
0.2-7 

FINAL 3U VALUE 

0.869-4 
0.492-4 
0.52-4 
0.688-4 
0.. 594-4 
0.132- 6 

0.474-4 
0.579-4 
0.158-6 
0.418-6 
0.334-6 
0.448-6 
0.203-4 
0.198-4 
0.229-6 
0.37 1-4 
0.202-2 

0.148-4 
0.148-4 

0.2-7 

PERCENT CHANGE 

50 
44 
30 
7 

32 
45 
36 
22 

35 
16 

33 
10 
43 
45 

5 
N o  Change 

No Change 

No Change 

No Change 

No Change 

* 
The numbers i n  t h i s  column are program numbers. 
the corresponding error source. 

See Table 5-1 for 
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For example, the  improvement i n  the  knowledge of the 2 accelerometer m i s -  
alignments i n  the X (No. 3), or  Y (No. 6) d i rec t ion  is less than tha t  of 

the X accelerometer misalignment i n  the Y d i rec t ion  (No. 4), o r  the Y 
accelerometer i n  the X d i rec t ion  (No. 2). Also the  improvement i n  the  2 

accelerometer bias  (No. 12) w a s  smaller than the improvement i n  the  X or  

Y accelerometer biases  (Numbers 10 and 11). 

comparisons. ) 

(See Table 6-1 f o r  these 

The r e s u l t s  of simulating the combined platform-tracking system indicate  

tha t  i t  would not be possible ,  at  least fo r  t he  values of the tracking 
accuracies tha t  have been assumed, t o  s ign i f i can t ly  improve the  uncertainty 

of the platform error sources. Therefore i f  the  only object ive is t o  update 

the guidance system during a f l i g h t ,  t h i s  method would not be feas ib le ,  

assuming the guidance e r r o r s  were equal or less than t h e i r  3 0  values. 

However, i f  the object ive is a pos t f l igh t  ana lys i s ,  o r  i f  the tracking is 
improved, the conclusion may be considerably d i f f e ren t .  

6.2 ESTIMATION OF GUIDANCE ERRORS WITH ADDITIONAL KNOWLEDGE OF PLATFORM 

I n  the previous sect ion,  the  results were presented for  the estimation of 
the guidance e r rors  with nominal tracking. I n  Succeeding sect ions,  the 

estimation of these e r ro r s  for  improved tracking and degraded guidance 

e r ro r s  w i l l  be presented. However, before discussing the r e s u l t s  for 

parametric var ia t ions  of the  platform-tracking system, an important point 

concerning the cor re la t ion  between the i n i t i a l  platform e r r o r s  (e r rors  i n  the  

accelerometer misalignments and the gyro misalignments) should be noted. 

Preliminary r e s u l t s  fo r  estimating the guidance e r ro r s  with improved 

tracking showed tha t  there  was no l i t t l e  improvement i n  the  uncertainty of the  

gyro misalignments o r  the  accelerometer misalignments regardless  of 
how good the tracking was. 
information i n  the combined platform-tracking system t o  d is t inguish  between 

This indicated t h a t  there  was not enough 
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platform misalignments and accelerometer misalignments. 

covariance matrix for the nominal simulation is included in Appendix A ,  and 
can be used to explain this result. 

between (1) the Y accelerometer misalignment to the X axis and the platform 
misalignment about the z axis (C2,18), (2) Z accelerometer misalignment to 
the x axis and the platform misalignment about the Y axis (C3,17), and 
(3) the Z accelerometer misalignment about the Y axis and the platform 
misalignment about the X axis, (C6,16), are almost unity. As a result a 
large uncertainty in these three accelerometer misaligments prevents an 

improvement in the knowledge of the initial platform misalignments. 

The complete 

It shows that the normalized correlations 

In order to see the effect of additional knowledge of the platform on the 

estimation of the initial gyro misalignments, an additional simulation was 

made assuming no errors in (1) the Z accelerometer misalignment about the 

Y axis, (2) the 2 accelerometer misalignment about the X axis and (3) the 

misalignment of the Y accelerometer about the X axis. 

ing with these three errors omitted the uncertainties in the three initial 
gyro misalignments and the misalignment of theX accelerometer about the 
Y axis reduces as shown in Figure 6-7 through 6-10, curve (2). 

For the nominal track- 

There is additional justification for omitting these three platform error 

sources. As stated in Reference 1 the misalignments of the Z accelerometers 
would be eliminated before the flight by aligning the X-Y plane. In addition 

some calibration on either the X accelerometer or Y accelerometer would 
be necessary in order to be able to predict excessive variations in the 
initial gyro drift about the 2 axis. This was evident from runs that were 
made with all five accelerometer misalignments. 

very large values of the initial variances of the gyro misalignments, 
or very good tracking, no significant improvement was found in the uncertainty 
of the gyro misalignments at the end of the trajectory. 

The result was that for 
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For the  parametric r e s u l t s  t h a t  are presented i n  the following sections, 
the  following accelerometer e r r o r s  were omitted from the  model: 

1. 

2. 

3. 

2 accelerometer misalignment i n  t h e  d i r ec t ion  of t h e  X axis 
2 accelerometer misalignment in  t h e  d i r ec t ion  of t he  Y axis 
Y accelerometer misalignment i n  the  d i r ec t ion  of t he  X axis. 

6 . 3  ESTIMATION OF GUIDANCE ERRORS WITH PIPROVED TRACKING 

Due t o  the  f ac t  t ha t  the  a b i l i t y  to estimate the  guidance e r r o r s  with 

nominal tracking has been found t o  be somewhat marginal, a number of 

s tud ies  were made t o  inves t iga te  the system parametrically.  

parametric study involved the  tracking accuracies. Runs were made with 
a l l  the t racking e r r o r  standarc? deviations (random and b ias  measurement 

e r ro r s ,  and s t a t i o n  loca t ion  e r ro r s )  reduced by f ac to r s  of 10, 100, 1000, 

and f i n a l l y ,  with random e r r o r s  reduced by a f ac to r  of 1000 and no b i a s  

e r ro r s .  These r e s u l t s  are shown i n  Figures 6-7 through 6-20. The purpose 

of t h i s  study w a s  t o  determine i f  with good tracking, the  knowledge of the  

guidance e r r o r s  would improve. As discussed i n  the previous sect ion,  even 

with per fec t  tracking, it is not  possible t o  estimate the  e r r o r s  i n  the  

i n i t i a l  gyro misalignments o r  the accelerometer misalignments any b e t t e r  

than fo r  the nominal tracking run. This is because of the  high co r re l a t ion  

between uncer ta in t ies  i n  these platform e r r o r  sources. 

improved tracking runs assumed a perfect  knowledge of three accelerometer 

e r ro r s .  

uncer ta in t ies  in  these  f igures  can be improved s ign i f i can t ly  with b e t t e r  

tracking. Again, i n  general, the  amount by which the  guidance e r r o r s  improve 
depends on t h e i r  relative e f f e c t  on the t r a j ec to ry .  Of the  t o t a l  17 guidance 

e r r o r  sources, t he  th ree  e r r o r s  which have the  least e f f e c t  on the t r a j ec to ry  

were not p lo t ted .  

The f i r s t  

As a r e s u l t  the  

A s  shown by Figures 6-7 through 6-20 a l l  of the  guidance e r r o r  

These e r r o r s  are 
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(1) The input mass unbalance of they gyro 

(2) The input mass unbalance of the x gyro 

(3) The 2 accelerometer threshold e r r o r  

The uncertainty i n  these e r ro r  sources does not improve s ign i f i can t ly  even 

with good tracking. 

From the  results presented i n  t h i s  sect ion it  may be concluded t h a t ,  i n  

general ,  the  f e a s i b i l i t y  of estimating the  guidance e r r o r s  does depend on 

the  relative accuracies of the  guidance e r r o r s  and the tracking errors. 

Approximately one order of magnitude improvement i n  the  tracking accuracies 

would be required t o  obtain a s igni f icant  improvement i n  the  guidance e r ro r  

uncer ta in t ies  during an ac tua l  f l i gh t .  In  addi t ion  t h i s  improvement would 

be contingent on a p re f l igh t  ca l ibra t ion  of three of t he  accelerometer 

misalignments. 

6 . 4  ESTIMATION OF GUIDANCE ERRORS WITH PERFECT' KNOWLEDGE 
OF THE TRAJECTORY END POINT 

One method t h a t  w a s  considered fo r  improving t h e  estimate of the guidance 
e r r o r s  w a s  t o  t rack  t h e  vehic le  i n  a parking o rb i t .  

da t a  and the  tracking da ta  would be combined i n  the  same manner, only fo r  

a parking o r b i t  r a the r  than a powered f l i g h t  ascent .  

t h i s  simulation would be an  improvement i n  the knowledge of t he  end poin t  

of t h e  pawered f l i g h t  t ra jec tory .  

That is, the  telemetry 

The end r e s u l t  of 

Before simulating the system for  a parking o r b i t ,  a check was made t o  

determine the  e f f e c t  of per fec t  knowledge of the  t r a j ec to ry  end point .  
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This would show the  maximum decrease in  the uncertainty of the  guidance 

e r r o r s  and would represent the  r e s u l t s  for perfec t  tracking. 

observations were made of the posi t ion and ve loc i ty  states with zero 

e r ro r  variance. The results are sumDarized i n  Table 6-2. As shown i n  
the  tab le  there is very l i t t l e  improvement i n  the uncertainty of the 

guidance e r ro r s  by a per fec t  knowledge of the t r a j ec to ry  end point.  

This ind ica tes  t h a t  t he re  is even less knowledge tha t  would be added t o  the 

guidance e r ro r  uncer ta in t ies  as a result of tracking the  vehicle  i n  a 
parking o r b i t .  

Six equivalent 

The parking o rb i t  simulation was therefore  not implemented. 

6 . 5  ESTIMATION OF GUIDANCE ERROR WITH LARGE INITIAL UNCERTAINTIES 

In  addi t ion t o  using the combined platform-tracking system t o  improve the 

knowledge of the vehicle  s t a t e ,  o r  t o  update the  guidance system during 

a f l i g h t ,  a t h i rd  and perhaps more useful appl icat ion would be i n  a post-  

f l i g h t  analysis .  

mine whether the guidance components performed normally, o r  whether there 

was a malfunction. 

For t h i s  latter objective it would be des i rab le  t o  deter-  

To evaluate the f e a s i b i l i t y  of estimaing the guidance e r ro r s  i n  a post- 

f l i g h t  ana lys i s ,  the  combined platform-tracking system has been simulated 

fo r  parametric var ia t ions  i n  the guidance e r ro r s  themselves. Large i n i t i a l  

values of the  guidance e r ro r  standard deviations have been assumed t o  simu- 

l a t e  a malfunction or a component error t h a t  w a s  l a rger  than predicted by the 

3 0  nominal value. 

The t i m e  h i s t o r i e s  of t he  guidance error standard deviations are shown i n  

Figures 6-21 through 6-32 f o r  i n i t i a l  standard deviat ions of 10, and 100 

times tha t  of the nominal values. These r e su l t s  do not include curves for  

the  th ree  accelerometer e r r o r s 2  t o  X, 2 t o  Y, and Y to  X. 

with these e r ro r  sources i n  the model, the  standard deviations of the  gyro 

misalignments did not decrease, even for l a rge  i n i t i a l  values of guidance 

e r r o r s .  

i t  is possible  t o  reduce the  uncertainty i n  the  gyro misalignments. 

It was  found tha t  

However, with the  assumption of a per fec t  knowledge of these errbrs, 
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TABLE 6-2 

THE EFFECT OF A PWFECT KNWLEDGE OF THE TRAJECTORY 
END-POINT ON THE GUIDANCE ERROR UNCERTAINTIES 

ITEM 

RMSP 
RMSV 
GUID. ERR. 817 

18 

16 

21 

4 
20 

11 
10 
12 
1 

5 
19 

NOMINAL @ tx9.5 MIN. 

0.874~10-~ 
0. 489x1f4 

0 . 5 9 9 ~ 1 0 - ~  

0.47 8 ~ 1 6 ~  

0 . 1 4 6 ~ 1 0 - ~  

0. 423x1f6 
0.350~10-~ 
0.457~10-~ 

0. 1oox10-6 

0.211~10-~ 
0. 221x1~-4 
0.228~10-~ 

PERFECT OBSERVATION OF POSITION 
VELOCI!lY STATE 

@ tP9.5 MIN. 
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The behavior of the  5 least important guidance e r r o r s ,  from Table 5-1, was 

not plot ted.  The uncertainty i n  these e r rors  remain e s s e n t i a l l y  constant a t  
t h e i r  i n i t i a l  values.  

Of the  twelve e r r o r  sources which are plot ted i n  Figures 6-21 through 6-32, 
it may be seen t h a t  t he  uncer ta in t ies  in  a l l  these e r r o r  sources decrease 

s ign i f i can t ly  for  large i n i t i a l  values. 

i t  would be f eas ib l e  t o  estimate these e r ro r s  i n  a pos t - f l igh t  analysis .  

That is, a malfunction i n  one of the  guidance components t h a t  caused large 

deviat ion i n  the t r a j ec to ry ,  could be iden t i f i ed  by combining the  telemetry 

and tracking data. 

It may therefore  be concluded tha t  

6 .6  ESTIMATION OF GUIDANCE ERRORS W I T H  INCREASED OBSERVATION RATE 

For the nominal t racking model an observation rate of one per second was 
used. 
observation rate on the  guidance e r ror  uncer ta in t ies .  

comparison of t h e  guidance e r r o r  uncertaint ies  f o r  1 observation per 
second and 10 observations per second a t  7 minutes along the  t ra jec tory .  

A decrease i n  the observation rate by an order of magnitude is  seen t o  

reduce the guidance e r ro r  uncertaint ies  by a t  most a fac tor  of 2. The 

RMSP and RMSV are also shown i n  t h e  table for  t h e  two observation r a t e s .  

One addi t iona l  run  was made t o  determine t h e  e f f e c t  of a reduced 

Table 6-3 shows a 
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TABLE 6-3 

VARIATION OF GUIDANCE ERRORS, POSITION AND VELOCITY 
WITH OBSERVATION RATE 

RMSP 
RMSV 
GUID. ER. 817 

18 
16 
21 
4 
20 
11 
10 

12 
1 

5 
19 
27 
30 

23 

22 

15 

STATES AT 7 MIN. 

NOMINAL CASE 
OBS - 1 SEC 

1 0.193~10- 

0.160~10-~ 
0 . 6 5 3 ~ 6 ~  
0.415~10-~ 
0.336~10-~ 

0.179~10-~ 
0.401~10-~ 

0.410~10-~ 
0.340~10-~ 
0.460~10-~ 

0. 254~10-~ 
0.232~10-~ 

0.239~10~~ 
0.370~10-~ 

0.148~10-~ 

0.148~10-~ 

0. 200x10-6 

0. 201x10-2 

0.200~10-~ 

OBS - 0.1 SEC 
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6.7 ESTIMATION OF GUIDANCE ERRORS WITH DIFFERENT KINDS OF TRACKING 

In  order t o  determine which type of tracking i s  the most e f f ec t ive  fo r  

reducing the guidance e r r o r  uncertaint ies ,  two runs were made; one with 

range observations only, and a second run with azimuth and elevat ion 

measurements only. 

Posi t ion uncertainty (RMSP) and veloci ty  uncertainty (RMSV) fo r  these 

two cases are shown i n  Figures 6-33 and 6-34, respect ively.  

i n  the guidance e r ro r s  a t  the end of each of these runs is  shown i n  

Table 6-4. 

The uncertainty 

The r e s u l t s  of t h i s  study show very l i t t le  difference between the e f fec t ive-  

ness of range measurements and azimuth and elvat ion measurements. 
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TABLE 6-4 

VARIATION OF GUIDANCE ERRORS FOR DIFFERENT TRACKING 
@ t 4 . 5  MIN. 

RMSP 
RMSV 

GUID. ERR. 817 
18 
16 
21 
4 
20 
11 
10 

12 
1 
5 
19 
27 
30 
23 
22 

15 

RANGE ONLY A%EL ONLY 

0. 853x10-1 
0. 421x1f3 
0.705~10-~ 

0.480~10-~ 

0.414~10-~ 
0.178~10-~ 

0 . 4 8 6 ~  

0.210x10- 
0.432~10-~ 

0.459~10-~ 
0.475~10-~ 
0.336~10-~ 
0.300~10-~ 
0.239~10-~ 
0.371~10-~ 
0.20 1x10- 

0.148~10-~ 
0.148~10-~ 

0.200~10-~ 
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Figure 6-3 Position and Velocity Uncertainties with 
Racking Only (No Telemetry Data) 
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Figure 6-4 3 0  Uncertainty in Y-Accelerometer Misalignment into X-Axis 
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Figure 6-5  30 Uncertainty In 2-Accelerometer Misalignment Into X-Axis 
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Figure 6-7 30  Uncertainty in X-Accelerometer Misalignment Into Y-Axis 
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Figure 6-8 30  Uncertainty i n  I n i t i a l  Platform Misalignment About X-Axis 
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Figure 6-9 30 Uncertainty i n  In i t ia l  Platform Misalignment About Y-Axis 
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Figure 6-11 30 Uncertainty i n  X-Axis Gyro Drift Rate 
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Figure 6-12 3 0  Uncertainty i n  Y-Axis Gyro Drift Rate 
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Figure 6-13 3 0  Uncertainty i n  2-Axis Gyro Drift Rate 
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Figure 6-14 30 Uncertainty in X-Accelerometer Bias 
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Figure 6-15 30 Uncertainty in Y Accelerometer Bias 
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Figure 6-16 3 0  Uncertainty in Z-Accelerometer Bias 
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Figure 6-17 3 0  Uncertainty in X-Accelerometer Scale Factor 
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Figure 6-18 30 Uncertainty in Y-Accelerometer Scale Factor 
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Figure 6-19 3 0  Uncertainty i n  2-Gyro Spin Axis Mass Unbalance 
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Figure 6-22 3 0  Uncertainty in  I n i t i a l  Platform Misalignment 
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Figure 6-23 30  Uncertainty in I n i t i a l  Platform Misalignment 
About Y-Axis for High I n i t i a l  Uncertainties 
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Figure 6-24 30 Uncertainty in Initial Platform Misalignment 
About 2-Axis  for High Initial Uncertainties 
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SECTION 7 

CONC LUS IONS 

The over -a l l  concept of combining telemetry and t racking data  t o  estimate 

e i t h e r  the  t r a j ec to ry  or  e r r o r  parameters t ha t  a f f e c t  the t r a j ec to ry  has 

been found t o  be e f fec t ive .  However,the spec i f i c  numerical r e s u l t s  t h a t  

can be obtained a r e  highly dependent on the accuracy of the guidance 

system r e l a t i v e  t o  tha t  of the tracking system. As a r e s u l t ,  the  concept 

i s ,  a t  the present time, more usefu l  fo r  some of the appl icat ions tha t  

were considered than i t  i s  fo r  others.  

The preliminary r e s u l t s  presented i n  t h i s  report  a r e  mainly concerned with 

the importance of individual  e r r o r  sources i n  both the guidance a d  track- 

ing systems. The e f f e c t  of the guidance e r ro r s  alone on the t r a j ec to ry  

uncertainty is  about 0.5 km i n  posi t ion and 2 meters/second i n  ve loc i ty .  

The most important e r r o r  sources a r e  the platform misalignments, the 

gyro d r i f t s ,  the  accelerometer biases ,  and some of the accelerometer 

misalignments and scale-factor  errors .  Some of the e r r o r  sources,  such a s  

the 7, accelerometer sca le  fac tor  and the X and y accelerometer misalignments 

i n  the Z d i rec t ion ,  do not have a s ign i f icant  e f f e c t  on the t r a j ec to ry  due 

t o  the low accelerat ion leve ls  i n  the cross  range d i rec t ion .  Other e r r o r  

sources,  such as most of the mass unbalances, anisoelastic drifts, and 

accelerometer thresholds,  do not cause any noticeable deviations i n  the 

t r a j ec to ry .  

e r ro r  sources. 

The f i n a l  guidance model included twenty s ign i f i can t  

The s ign i f i can t  e r ro r s  i n  the  C-band radars  included random and measure- 

ment b i a s  e r ro r s  i n  range, azimuth and e leva t ion ,  as  wel l  as the s t a t i o n  

locat ion e r ro r s .  It w a s  found t h a t  some of t h e  s t a t i o n  locat ion e r ro r s  

and some of the azimuth and elevat ion biases  could be omitted from the 

model. I n  addi t ion t o  the random tracking e r r o r s ,  th i r ty- four  b ias  e r r o r s  

were included i n  the f i n a l  model. 
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The principal results of the report show the feasibility of estimating the 
platform error sources, both for the purpose of updating the guidance sys- 

tem during a flight and for a post-flight analysis. 

interest for this investigation was in estimating the platform errors, re- 

sults are also presented for estimating the trajectory. 

Although the primary 

With the combined platform-tracking model, the vehicle could be estimated 

to within 30 meters and 0.06 meters/eecond. 

60 meters and 0.2 meters/second uncertainty with tracking only, i . e . ,  no 
telemetry data. 

This compared favorably to the 

For the tracking model used in this study, it may be concluded that the 

Saturn V type inertial platform errors are so small that it is not possi- 

ble to significantly reduce the uncertainties in these error sources 
during a powered flight, 
been found to be reduced by about 20 to 50 percent. 

magnitude improvement in the present tracking accuracies, the significant 
guidance errors could be updated, i,e., these uncertainties could be reduced 

by about an order of magnitude. The general conclusion, therefore, is 
that the extent to which the guidance error uncertainties can be reduced 
does depend on the relative accuracies of the guidance components and 
the tracking system. 

The uncertainties in these error sources have 
With an order of 

A notable exception to the above conclusions is that the ability to esti- 

mate the platform misalignments (orthogonal rotations), depends on a good 

initial calibration of the accelerometer miealignments. 
that there is not enough information obtained from the telemetry-tracking 

system to distinguish between platform misalignments and accelerometer 

misalignments. However, if the Z accelerometer misalignments are elimi- 

nated, as well as either the X accelermeter misalignment in the Y direc- 
tion, or the Y accelerometer misalignment in the X direction, then the 
three initial platform misalignments can be tied down. 

It was found 
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The most effective use of the telemetry-tracking system is perhaps 

a post-flight analysis, For this type of analysis, it would be possible 
to distinguish error sources that caused a malfunctiothor more than normal 

error, from those components whose errors were less than the 3 0  value. 

This result has been obtained by assuming large initial values for the 

guidance error standard deviations, and noting that there is a significant 

decrease in the uncertainty of these errors along the trajectory. 

for 

Additional results have been presented which show that: 
(1) a perfect knowledge of the trajectory 

end point has little effect on reducing 
the guidance error uncertainties, 

(2) the effectiveness of range tracking alone 

is about the same as the effectiveness of 
azimuth and elevation angle measurements, and 

(3) the effect of increasing the tracking 

rate by a factor of 10 decreases the guidance 
error uncertainties by, at most, a 
factor of 2. 
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APPENDIX A 

COVARIANCE MATRIX DESCRIPTION 

A complete covariance matrix as defined i n  (2-26) is presented i n  t h i s  

sect ion.  It is taken from the Powered Fl ight  Error Propagation Program 

(Reference 2) and lists values from the nominal tracking-guidance model 

a t  the  end of an ascent t ra jec tory .  

i n  UP, DR, CR coordinates with standard deviations on the  diagonal, where 

The off-diagonal numbers are normalized 

%- Standard Deviation = 

pi j Normalized Correlations = rn 
and P is computed by equations (2-19) and (2-22). 19 

The output format can be broken i n t o  three sect ions.  

1. T h e  of pr in tout .  I n  t h i s  case t i m e  is  tha t  from launch u n t i l  

the end of the ascent t ra jec tory  

2. RMS posi t ion and ve loc i ty ,  where 

and standard deviations of bias  e r ro r s  being estimated. 
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3 .  Covariance Matrix. Since the covariance matrix i s  
s p e t r i c a l  only half of i t  is outputed. 

i s  as follows: 

The format 

- 
B 

- 
\c c %- D 

\I: N 

Page A - 2  1 

Page A-4 } 
7 

I Page A - 5  

The format for the covariance matrix as defined above has been divided into 

pagat as follows: 

I Page A - 2  
Typical for 
Pages A - 3  

A -4 
A-5  

A- la 
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To iden t i fy  the  standard devia t ion  of s p e c i f i c  e r r o r  sources (diagonal 

terms) or  the c o r r e l a t i o n  between the b ia s  e r r o r  sources from the  numbers 

pr in ted  out on t h e  l e f t  and top of each page, t h e  following code is  used. 

Guidance Errors - N u m b e r s  1 through 30 . 
Only 20 errors were included i n  t h e  model. 

The s p e c i f i c  guidance e r r o r s  defined by 

these numbers are shown i n  page 3-3 and 

Table 5-1. 

Tracking Errors - The f i r s t  d i g i t  denotes the  s t a t i o n .  The 

second and th i rd  d i g i t s  specify the  type 

of tracking e r r o r .  

S t a t  ions : 

Cape Kennedy 

Mer it Is land  

Pa t r i ck  A.F.B. 

G. Bahama 

G. Bahama 

Bermuda 
Bermuda 

G. Turk 

Antigua 

FPS-16 

FPS - 16 

FPS-16 

FPS- 16 

TPQ-18 
FPS-16 
FPQ- 16 

F'PS-16 

FPS-16 

A- lb 
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Err or s : 

01 Range -meters 

02 Range rate - meters/sec 
03 Azimuth - millirad 
04 Elevation - millirad 
05 Azimuth rate - millirad/sec 
06 Elevation rate - millirad/sec 
07 Station latitude - degrees 
08 Station longitude - degrees 
09 Station altitude - meters 
10 Station clock seconds 

The following examples illustrate the use of this numbering system: 

1. 308 - Patrick AFB - longitude 
10 - Accelerometer bias X-axis 
The number in column 10 and row 308 (page A-3) is the 
correlation between Patrick AFB longitude error and 
accelerometer bias error in the X axis. 

2. The value in the DR column and row 5 (page A-2) specifies 
the correlation between the Y-accelerometer scale factor 
error and the uncertainty in the downrange coordinate. 

3. .The number in column 3 and row 22 (page A-3) gives the 

correlation between 2 accelerometer error into X-axis and 

X-gyro input axis mass unbalance. 

4 .  The item at column 11 and row 11 is the standard deviation 

of accelerometer bias error on the Y-axis. 
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EN0 CONOlllONS 

0 DAY 0 HRS 9 MIN 25.985 SEC C A S E  3 REC. 10 EVENT 8 

CURRENl RMS VALUES 
RMSP= 0,2856899E-01 R M S V =  0.1747118E-03 I =  0.2033137E-04 2= 0.5203584E-04 3s 0.6876384E-04 4= 0.4735066E-04 

5= 0.1983611E-04 
161 0.5936066E-04 
22= 0.1482978E-04 

201= 0.1290303E-02 
308= 0.4959798E-02 
508= 0.2639081E-02 
704- 0.4026404E-04 
807= 0.2049557E-01 
908= 0.2497937E-01 

6 =  0.5794824E-04 
1 7 1  0.8694120E-04 
2 3 s  0.1482969E-04 

4 0 1 ~  0.3155088E-02 
601 = 0.1197393E-01 
707= 0.2460006E-01 
808= 0.9650091E-02 
909- 0.4055488E-01 

203= 0.22n3202~-04 

UP 
OR 
CR 
UP0 
O R 0  
CRO 

1 
2 
1 
4 
5 
6 

10 
I 1  
12 
15 
16 
17 
18 
19 . 
20 
21  
22 
23 
27 
30 

101 
104 
201 
203 
204 
301 
303 
3 04 
308 

407 
408 
501 
507 
508 
501 
607 
608 
609 
7 01 
104 

w i  

R5 
109 
801 
804 

808 
809 
901 
9 04 
907 
908 
909 

807 

UP 
0.20048940E-01 

0.91231061E-01 
-0.3 I 743 74 7E - 0 1 

-0.33068204E-01 
0.36261 865E-01 
0.92 594163E- 02 
0.57764896E- 01 
0.26094338E-01 
0.505921 17E-01 
0.13347085E-02 
0.12598020E-01 

-0.27896034E-01 
-0.24368947E- 02 
-0.3846959VE-01 
-0.91257966E-01 

0.23858515E 00 
-0.71957074E-03 

0.72451 828E-03 
0.46699094E-02 
0.80615882E-02 
0.28689031E-01 
0.13846909E 00 

-0.55262423E-02 
0.25918534E 00 
0.17827739E 00 
0.20926240E-03 
0.25616890E 00 
0.17112139E 00 
0.2 5327264E- 01 

-0.16629280E 00 
0.46470044E-01 
0.30281117E 00 

-0.14338370E 00 
0.80335412E-01 
0.33263674E 00 
0.11023329E 00 
0.55316677E 00 

-0.35311820E 00 
0.32326900E 00 
0.19886422E 00 

-0.20387676E 00 

0.63290792~-n2 

-8:3WBP% 8 
0.40905381E 00 

-0.1556576OF 00 
0.15335818E 00 
0.11852083E 00 
0.49932774E 00 
0.93645363E- 03 

-0.69598460E-01 
0.12663237E 00 
0.14515272E 00 
0.32385404E 00 
0.1586 181 6E- 0 1  

LO= 0-3340303E-06 
l a x  0.4917875E-04 
27. 0.3701221E-04 

2 M =  0.2064433E-04 
407-  0.4882960E-02 
607- 0.2311298E-01 
7 0 8 1  0.10592 91E-01 
8 0 9 1  0.2542227E-01 

11= 
19= 

301= 
408= 
608= 
709. 
901= 

30 - O.SlR1578E-06 121 0.4485762E-06 15; 0.19995lOE-07 

0.2006918E-02 101; 0.12931 53E-02 1 0 4 ;  0.2660293E-04 
0 .2294555~-06 20; o . i 5 7 7 2 v i ~ - o 6  21- o. i315124~-n6 

0.4830693E-02 303= 0.2261715E-04 304= 0.2158076E-04 
0.2713148E-02 501= 0.3007574E-02 507= 0.4666228F-02 
0.1061544F-01 6 0 9 ~  0.2156260E-01 701= O.1239769E-01 
0.2821349E-01 8OI=  0.1204296E-Ol 804= 0.3909360E-04 
0.3463467E-0 1 904= 0.42 52 51 2E- 04 907= 0.3 890764E-01 

DR 
-0.72755066E 00 

0.335926406-02 

-0.32064452E-01 
-0.10336913E 00 
-0.67216609F-02 
-0.52873698E-01 

0.18392624E 00 
0.13775016€-02 
0.54461 265E-01 
0.25884537E-01 

-0.90050353E-01 
-0.31883261E-02 

0.18951957E-02 
0.2961 4850E-01 

-0.8 14571 69E-01 
0.30290373E-01 
0.8861 1 8 3  1E-01 

0.13321728E-02 
-0.13734814E-02 

0.11044154E-01 
'l.15524325E-01 
0.22127054E 00 

-0.14907918E-01 
0.25125632E 00 

-0.26406754E 00 
-0.21 501845E-01 

0.2062999lE-01 
-0.26993509E 00 
-0.55680295E-02 
-0.73312926E-01 

0.31832735E 00 
-0.39728430E-02 
-0.44903222E 00 

0.31505682E 00 
-0.24762694E-01 
-0.47195243E 00 
-0.33417249E-01 
-0.51090577E 00 

~ . L ~ I L ~ C ~ V E  00 

0.2670982 5E 
-0.1238968IE 
-0.10378596E 

0.1701 1608E 
-0.35320872E 
0- 28 361 762E 

-0.2190886+E 
0.23062 857E 

0 0  
00 
00 
00 
00 
00 
00 
00 

-0.92463849E -01 
-0.14842042E 00 
-0-68294381E 00 

0.51 056808E-01 
0.10285743E 00 

-0.8933571 1E-01 
-0.25202802E 00 
-0.49890124E 00 

0.6728184oE-01 

P MATRIX. S T D  OEV. ON OlAGONAl 
CR 

-0.13398790E 00 
-0.345954616 00 

n.z0073430~-01 

-3.14935736E 00 
0.241 44885E-0 1 

-0.38867944E-03 

0.20936755E-01 
-0.61 100669E-32 
-0.1930 1994E-0 1 
-0.21347065E-31 

0.5076371kE-01 
0.146512 12E-02 

-0.83067231E-02 
0.17515309E-02 
0.12789325E-0 I 

-0.31 353784E-0 1 
-0.12528340E 00 

-0.lV+91146E-02 
0.14921265E-02 

-0.22 16235OE-03 
-0.17468233E-32 

9.721702 74E-01 
-0.15431532E 30 

0.67+72512€-01 
0.10222542E 00 

-0.19654651E 00 
0.67575242E-0 1 
3.11732608E 00 

-0.20572191E 00 
0.62668495E-01 

-0.19364304E 00 
-0.18811714E-91 

0.21892686E 00 
-0.210R9155E 00 
-0.25274959E-01 

3.2151148OE 00 
0 . 1 2 3 3 4 6 0 4 E  03 
0.486408ClE-01 

-0.20606870E 00 
-3.3452539lE 00 

0.99989117E-01 
0.13737527E-01 
0.77683095E-01 

-0.20162018E 30 
-0.29418463E 00 
-0.17340777E 00 
-0.6845776lE-01 

9.12681832E 00 
0.54866196E 00 

-0.97273146E-01 
-0.93541984E-01 
-0.93658789E-02 

0.30908509E 00 
0.52864938E 00 

-0.1905939OE DO 

0 . i ~ o n o i 7 3 E - 0 1  

-n.36250129~ 00  

A-2 

U P 0  
0.82198008E 00 

-0.53763717E 00 
-0.16917249E 00 
0.11693076E-03 

0.14909848E 00 
-0.4751731 1E-01 
-0.87547291E-07 
-0.2411884RE-01 

0.11761 894E-0 1 
0.52652875E-02 

-0.21791 5796-0 1 
1.17192540E-0 1 
0.92941022F-0 1 
3.105 88 12 BE-0 2 
0.71805618E-02 
0.30540602E-0 1 

-0.96662469E-0 I 
-0.17247277E 00 
-0.268245ROE 00 

0 . 4 9 8 9 8 2 5 3 E  00 
-3.52062195E-03 

3.453 10488E-03 
0.289 5997 1E-02 
0.94192 744E-0 2 
9.167 18 127E-0 1 
0.38457969E-0 1 
0.39227199E-02 
3.11232743E 00 
0.50911 494E-0 1 

0.11150236E 00 
9.52749346E-01 

-0.78863024E-02 

-0.41034572E-01 
0.98585642E-0 I 

-3.15546971c 00 
-0.33080983E-01 

0.10733914E 00 
3.38617338E 00 
3.28678795E 00 

-0.6713b344E 00 
0.11998919E 00 
0.43647229E 00 

-0.14106087E 00 
0.14836934E 00 

-0.68267053E 00 
3.21351676E 00 

-0.29151884E 00 
0.94418038E-01 

-0.71113870E-01 
9.32375256E 00 
3.2390379lE-01 

-0.12727913E 00 

0.29923384E-01 
0.28522425E 00 
0.39849909E-01 

-3 .  i b r 8 7 9 1 0 ~ - 0  I 

-3.15716302~ on 

0. n 3 9 7 5 8 6 5 ~ - 0  I 

OR0 
0 . 6 2 ~ n 7 7 9 3 ~ - 0 1  

- 0 . 7 3 i i t . ~ 3 2 ~  00 
0.46907973E 00 

-0.81705669E-01 
0.29480641E-04 

-0.25194991E-01 

0.2442 34 77E-02 
-0.14103926E 00 

0.31634574E 00 
0.77914936E-01 
0.27908096E 00 
0.47877736E-01 

-0.13063518E 00 
-0.42325612E-02 

0.37998983E-01 
-0.1096854ZE-01 
-0.29722160E-01 

0.10118378E 00 
0.14521143E 00 
9.P9741040E 00 

-n . i4e5n25r r  00 

0.10105911E-02 
-0.10186034E-02 
-0.29899794E-02 
-n.50578968~-02 

0.74059656E-01 
9.20710764E 00 
0. I 6 1  2 84 O8E- 01 

-0.21271355E-01 
0.26204798E 00 

-0.13195722E-01 
-0.30200216E-01 

0.26140123E 00 
-n.22153402~-01 

0.2n022125~ 00 

0 . 2 3 n ~ 6 4 7 3 ~  00 

0.67213189E- 01 
-0.11 390346E 00 

0.8922R955E-01 
-0.98163224E-01 
-0.17143103F 00 
-0.15175272E-01 

0.36232410E 00 
0.32895731E 00 

-0.15323203E 00 
-0.9907 1576E- 02 

C R O  
-0.18234316E 00 
-0.2556492lE 00 

0 . ~ 0 5 6 6 4 8 8 ~  no 
-n.24253006~ 00 

-n.15599953~ 00 

-0.62105574E 00 
0.12642160E-03 

0.86R82852E-01 
-0.11494868E-01 

0.15750742E-01 
-0.12132836E-01 

0.72833622E-01 
-0. I 6R25024E-01 

0.10225735F-01 
-0.19595403E-07 

0.3182081 7E-01 
0.50698912E-01 
0.10695265E 00 

-0.11564036E 00 
-0.23311961E 00 , 
-0.60257231E 00 
-0.342 78661E -03 

0.28433008E-03 
-0.11657893E-02 
-0.77576293F-02 
-0. I 2 5 5 96 06F -01 

-0.19274487E-01 
0.774998058-01 

-0.10110217E 00 
0.23985856E-01 
0.80913138E-01 

-0.10580005E 00 
0.37946350E-01 

-0.17315564E 30 
-0.8R960845E-01 

-0.17118684E 00 
-0.81 926209E-01 

0.12834586E 00 
0.12984199E 00 

-0.25698951E-01 
-0.86781039E-01 
-0.27896765E 00 

0.999891 12E-01 

0.234 1 3 3 4 9 ~  -01 

-0 .78573697~-n i  

0.11886989~ no 

0.53651639E-01 
0.2 3954914E- 01 

-0.39142656E 00 
0.829021 l7E-01 

0.2 120489'+E- 01 
-0.18182R57E 00 
-0.42133666E 00 

0.12185946E 00 

n.12941284~ 00 

-0.81068354E-01 

0.50504562E 00 
-0.43833013E-02 -0.141615ZOE 00 

0.990696 13E-02 
0.21492740E 00 
0.57661249E 00 

-0.16244000E 00 

- n . 1 9 2 9 9 3 5 7 ~ - 0 ~  

Space & Re-entry 
Systems Division 



1 
2 
3 
4 
5 
6 

10 
11 
12 
15 
16 
17 
18 
19 
20 
21 
22 
23 
2 1  
30 
I01 
104 
201 
203 
204 
301 
3 03 
304 
3 08 
401 
407 
408 
501 
507 
508 
601 
607 
608 
609 
701 
704 
701 
708 
7 09 
801 
804 
807 
808 
809 
901 
904 
907 
908 
909 

10 
I 1  
12 
15 
16 
17 
18 
19 
20 
21 
22 
23 
27 
30 

101 
104 
201 
203 
204 
301 
303 
304 
3 OB 
40 1 
401 
408 
501 
507 
5 08 
601 
607 
608 
609 
701 
104 
701 
708 
709 
801 
9 04 
807 
8 08 
809 
901 
904 
907 
908 
909 

1 
0.20331372E-04 
0.44148847E-01 

-0.21672424E-02 
0.10762037E 00 

-0.13041863E 00 
-0.96963818E-03 
-0.95026130E 00 

0.87032021E-01 
0.44975948E-02 
0.12169724E-04 

-0.134921 03E-02 
0.95989052E-02 

-0.79283624E-01 
-0.11740905E-01 
-0.29694742E-01 
0.83286678E-01 

-0.3406891 3E-03 
0.34712108E-03 
0.2038458lE-02 

-0.73206585E-03 
-0.22249033E 00 

0.22987319E-01 
-0.22226564E 00 
-0.1511 1883E-01 

0.27445049E-01 
-0.43600721E-01 
-0.26810271E-01 

0.22507855E-01 
0.14042196E-01 
0.19394848E-01 

-0.13817852E-01 
0.10086498E 00 
0.19298299E-01 

-0.15543900E- 01 
0.10301203E 00 
0.92144925E-03 
0.18629192E-01 

-0.33237319E-01 
0.64089153E-01 
0.1727440lE-01 

-0.38235364E-01 
-0.1 1845287E-01 
-0.36877095E-01 

0.77938135E-01 
-0.25808310E-01 

0.12462991E-01 
-0.42190103E-01 
-0.39620473E- 01 

0.141061 L O € - 0 1  
-0.2 2415594E-01 

0.30 7892 38E- 02 
-0.56311807E-01 
-0.11290808E-01 

0.31 81 401 6E- 01 

10 
0.33403033E-06 

-0.67950388E-01 
-0.33664738E-01 
-0.1692014lE-02 

0.2200357OE- 01 
0.24976317E-02 
0.58346219E-01 

-0.1839034lE-02 
-0.45536782E-02 

0.43474130E-01 
0.5 4532 520E- 03 

-0.57641 705E-03 
-0.62964420E-03 

0.55 102 3 60E- 03 
0.20894830E 00 
0.46989395E-01 
0.20262337E 00 
0.3912555OE-01 
0.6 11 76684E-01 
0.38000 748E- 01 
0.48 33039%- 01  
0.641 361 27E-0 1 

-0.12812304E- 01 
-0.79168828E-02 

0.14007439E-01 
-0.96548979E-01 

0.332540 54E- 02 
0.25843069E-01 

-0. 89935512E-01 
0.27059263E-01 
0.24400723E-01 
0.26910213E-01 
0.36559887E-01 
O.22822527E-01 
0.1106824IE-01 
0.28937076E-01 
0.27709330E-01 
0.2192329%-01 
0.34604023E-01 
0.12 156949E-01 
0.36320993E- 01 
0.30456480E-01 
0.19323525E- 01 
0.2 406 73 53E- 01 
0.20376445E-01 
0.24986804E- 01 

-0.55769101E-02 
-0.83386090E-02 

PMILCO-FORO COFIPORATION 

2 

n. 52035842~-04 
0.16681603E-02 

-0.67063317E 00 
-0.12311295E 00 
-0.66027091E-02 
-0.10299002E 00 ~~ 

-0.31933244E 30 
0.13476016E-01 
0.821 76804E-03 

-0.7281 8338E-02 
-0.60202479E 00 
0- 9 3 8 1  71  7%-02 
0- 22683673E-01 

-0.3201201oE 00 
-0.39 1 74813E- 04 

0.4968792 6E-04 
-0.31 46141 5E-02 

0.6922551 5E-04 
-0.20591723E 00 
-0.28987565E-01 
-0.20479004E 00 
-0- 50688263E-02 
-0.35125177E-01 
-0.920981 36E-01 
-0.18836214E-01 
-0.23942212E-01 
-0.3947218OE-01 
-0.22932307E-01 
-0.53211963E-02 

0.52C3223OE-01 
-0.24923485E-01 
-0.6675931M-02 

0.53365273E-01 
-0.53033293E-01 

0.78704526E-02 
0.81047426E-01 
0.11 855021E-01 

-0.14447713E-02 
0.1166941 9E-02 

0.87766815E-02 
-0.21891 185E-01 
-0.87349656E-02 
-0.15265569E-01 

0.33 3501 16E-01  
0.13466442E-01 

- 0.70364 75 3E - 02 
0.16907083E-02 

-0.35852308E-02 
0.2708152M-01 

-0.33414209E-02 

-n. 139851 72 I E - O ~  

-n.50335536~-01 

0 . 8 0 3 r z w o ~ - o i  

I 1  

0.41815781E-06 
0.1720371 LE-01 
0.82 3 5 2 6 9 s  -03 

-0.32688851E-02 
0.44527947E-02 

-0.19854958E 00 
0.11350349E-01 
0.14044464E-02 

-0.60265867E-02 
-0.47574694E-03 
0- 506 1 5 624E -03 
0.90481893E-03 
0.4691 6245E-02 
0.808321 50E-01 
0.84024936E-01 
0.76751014E-01 
0.50320139E-02 
0-10226776E 00 
0.58315897E-01 
0.10588135E-01 
0.90075326E-01 
0.3902103 LE-01 
0.55695711E-01 
0. % 81541 1E-02 
0.12349262E-01 
0.62402488E-01 
0.14040517E-01 
0.15703361E-01 

-0.73907318E-01 
0.41 352144E-01 
0.7085601 L E - 0 1  
0.62 348023E-01 

-0.62963787E-01 
-0.17006539E-01 

0.26025739E-01 
0.681 29603E-0 I 
0.594231 84E-01 

-0.40865392E-01 
0.15 197213E-01 

-0.36277352E-01 
-0.20390262E-02 

0.14125028E-01 
-0.24170110E-01 

0.12641 403E- 01 
-0.20581 882E-01 

0.31467457E -01 
0.10824267E-01 

TR-DA 1569 

DETERMI N l S T l C  ERRORS 
3 

0.6876384OE-04 
0 .  I 9 1  09780E-02 

-0.30164280E-02 
-0.1571 3352E-01 
-0.60572501E-03 

0.68739876E 00 
-0.10430S22E-03 
-0.50734961E-01 

0.12030392F 00 
0-13I49878E-02 

-0.16032146E-02 
0-16481895E-02 
0.67636988E-03 
0.11 821 526E-02 
0.33146577E-02 

1.54698228E-02 
-0.174 13 1 8  I E-0 1 
-0.77795957E-03 

0.11912042E-01 
-0.15270766E-01 
-0.4701439lE-02 

0.91616673E-02 
0.79600154E-02 

-0.17776586E-01 
0.21462746E-01 
0 .7  1098447E-02 

-0.19106314E-0 1 
0.20898052E-0 1 

-0.19724887f-01 
0.14670915E-01 
0.78557580E-02 
0.85632314E-02 

-0.16467396E-0 1 
-0.556 15064E-02 

0.96540597E-32 
0.708 3565bE-02 
0.10419647E-0 1 
0 -20353 150E-0 1 

-0.261 ~ i e 3 r ~ - e 3  

0.946 16890E-07 
0.121 12309E-03 
0.97478011E-02 

-0.68S46174E-02 
-0.3 1461933E-02 

3.47350657E-04 
-3.66478305E-01 0.19836109E-04 
-0.10337043E-0 1 0.38623158E-01 
-0.15667539E 00 0-74797986E 00 
-0.20291715E 00 -0.53683719E 00 

n . 1 9 ~ . 9 9 9 5 ~ - 0 1  -0.95576903~-01 
3;i1129?5flE-02 -0.50092944E-02 

-0.14061016€-01 0.522l812LE-01 
-0.81629292E-02 0.13524723E-01 

0.940 I8696E 00 - 0 -92  3 I 3653E- 01 
0.69926976E-07 -0-31466879E-01 
0.20963862E-01 -0.51734319E-01 

-3.11563309F 00 0.47448581E 00 
-0.12416677E-03 0.1343606lE-02 

0.13913808E-03 -0.14447516E-02 
0.11866794E-01 -0.36717330E-01 
0.14978350E-0 1 -0.653R7649F-01 

-0.10020725E 00 0.36426173E 00 
-0.42405804E-01 0.34481358E-01 
-0.96533433E-0 1 0.35618575E 00 
-0.16343407E-01 0.5362948ZE-01 
-0.52773969E-01 0.44900223E-01 
-9.44855956F-0 1 0.14132886E 00 
-0.22542309E-01 0.72003fl38E-01 
-0.46409800E-0 1 0.3061551 3E-01 
-3.2 11 57466E-01 0.531 15409E- 01 
-3.11085727E-01 -0.12731354E-01 
-0.481 91164E-0 3 -0.13551061E- 01 

0.23046252E-01 -0. '0911387E 00 

-0.64996839E-02 0.28856702E-02 
0.19075786E-01 -0.99880809E-01 

-0.13359453E-01 0.10018950E 00 
-0.97135404E-02 -0.15478560E-01 
-0.12839320E-02 -0.11154070E-01 
-0.22591878E-01 -0.18393618E-01 
-0.14052588E-01 0.87593473E-01 

0.78469179E-07 0.15969740E-01 
-0.70689924E-02 -0.48716352E-03 
-0.10305501E-02 -0.6825U323E-01 
-0.19299 31 9E-0 1 -0.26940043E- 01 
-0.72779093E-02 0.89212411E- 01 

- o . i 7 i 2 8 6 ~ 3 ~ - 0 i  0 .3703r i28~-02 

-0.76522044E-02 
-3.7559697lE-02 
-0 .341 887 32E-0 2 
-0.79546667E-32 
-0.72777609E-03 
-0.83116903E-02 
-0.20048290E-02 
-0 .b7152807E-02 
-0.16458451E-02 

DETERMI N I S T  IC ERROR$ 
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0.44857615E-06 
-0.85679367E-02 
-0.13570403E 00 

0.22321171E 00 

-0.52709797E-0 1 
0.5713255OE-31 

-0.6493 34 ~ ~ E - O Z  

n. i 7 3 2 0 3 5 3 ~ - 0 1  
0 . 2 5 5 5 i ~ r 6 ~ - 0 ~  

-0.26947891E-02 
-0.52201395E-02 
-0.92065607E-02 

0.235 11546E-02 
-0.35 737423E-3 1 
-0.58294376E-0 2 

0.87956867t-01 
-0.42993705E-01 
-0.52450573E-01 

0.79510760E-01 
-0.24561329E-01 

-9.14856143E 00 

-0.78810285E-01 
-0.14820190E 00 
-0.20640153E-01 
-0.750610lOE-01 
-0.78407586E-01 
0. 8656295 3E -0 1 

-0.12046895E-02 
0.70689287E-02 

-0.6351 9191 E-0 1 
-0.26927563E-01 

0.61408105E-01 
-0.4b750144E-02 

0.24307496F-0 1 
O.96774?56E-01 

-0.11178334E-31 
0.11382794E 10 
0.75485395E-0 1 

-0.23428109E-01 
0.41239363E-01 

0.66241 663E-'l l 
-0.26557157E-01 
-0.23397668E-5 1 

-0.4379~1367~-01 

-0.26830624~-ni  

-0. L B O ~ ~ Z ~ ~ E - O ~  

A-3 

4 5 

15 

0.19995096E-07 
'I. 7 57 88 26 2E-0 7 
0.116910~5E-01 

-0.281 49586E-03 
-0.3599681 5E-02 
-0.9 9522424F -03  

0.16644037E-03 
0.9 44 67 946F -34 

-0.10215664E-03 
-0.2 1247343E-03 
-0.378828 73 E-03 

0.22479314E-03 
-0.17513347E-02 

3.57522339E-04 
0.234536526-02 

-0.2 1494755E-02 
-0.1629697% -02 

0.21055031E-02 
-@. 15641230E-02 
-0.14605073E-02 
-0 59991 800E-0 2 
-0.2 13 66 3 8 3E-0 2 
-0.26615320E-02 
-0.60628616E-02 
-0.26355138E-02 
-0.2 5641 468E-02 
-0.  6 3281 310E-02 

0.47979602E-02 
0.189431 LOE-02 
0.993 69 PO 1 E-0 3 

-0.5 4 3 8 1 44 1 E -0 2 

0.34491340E-02 
0.16858986E-02 
0.11433275E-02 
0. T0240033E-02 

-3.36300 28 1E-03 
3.65562900E-02 
0.32262348E-02 

-3.17604649E-02 
0.351 81582E-02 

-9.2 13 54 142E -03 
0.38S36300E-02 

-0.330890TlE-02 
-3.13624071E-02 

- o . i 3 7 3 ~ 0 7 0 ~ - n z  

0. 10042663F-01 
O.87847845E-01 

-0.13754833E-01 
0.33290159E-01 
0.39364459E-07 
0.44645865E-01 

-0.31 271364E-01 
-0.143421 83E-01 

-0 .  5124s518~-02 

6 

0.57948236E-04 
0.16 I 4 8 2  24F -01 

-0.73728914E-02 

0.55129675E-02 
-0.85375673F 00 

0.69274211E-01 
0.41330006E-07 

-0.30939275E-01 
-0.15914860E 00 
-0.10916508E-01 
-0.2 91 91 473E-02 

0.3 04 2926 LE -02 
0.20528529E-03 
0.32633687E-03 
0.13368312E-02 
0.16624886E-01 

0.383 592 3 9E -01 
0.21651714E-01 

-0.83706097E-02 
0.361 86678E-01 
0.244391 &E-01 

0.15597419E-01 
0.6251243lE-01 
0.58641 85OF-02 

0.674R6029E-01 
0.78095509E-02 
0.36376788E-01 

-0.1 61 84014E-01 
0.486101 71E-02 
0.25335854E-02 
0.31333366E-01 
0.695933 88E-02 

- 0.923489R7E-02 
0.604731klE-02 

-0.453651 15F-01 
0.27857865E-07 

-0.26824635E-01 
-0.18697710E-01 

0.15529323E-01 
-0.2763650RE-01 

0.3 03 476 5 OF -02 
-0.2304931hE-01 

0.25688787E-01 

-0.99763983~-1-~1 

-o.41333o25e-o7 

- n . 3 n ~ 7 8 4 8 1 ~ - 0 2  

o . i 8 5 3 8 6 6 2 ~ - n i  

- n . 3 5 8 9 2 4 4 0 ~ - 0 ~  

n . i 1 4 1 8 i e 5 ~ - 0 i  

16 i r  

0.59360658E-04 
0.94222743E-01 0.86941200E-04 
0.56163375E-02 0.21 538485E-03 

-0.42088108E-01 0.22362234E 00 
-0.21646845E 00 -0.53027890E 00 
-0.14790007E-01 -0.56914284E-02 
-0.38340835E- 02 0.70665093E-02 

0.27295406F-03 -0.29771687E-02 
0.43264179E-03 -0.5200893OE-02 
0.1862412lE-02 -0.14451 822E-01 
0.22600456E-01 @. 11 876276E-02 

-0.S5780003E-02 -0.23956304E-01 
0.5217978lE-01 0.76784384E-01 
0.29435756E-01 0.34717803E-02 

0.49226953E-01 

-0.52839776E-02 
0.21 204689E-01 

0.79592090E-02 
0.25206765E-01 
0.911851 11E-01 
0.106061 59E-01 
0.49509755E-01 

-0.22023574E-01 
0. h5831287E-02 

0.42646022E-01 
0.94 706RA9F-02 

-0.12566R69E-01 
0.81976334E-02 

-0.48969758E-02 
-0.61680857E-01 

0.31848672E-07 
-0.36465327F-01 
-0.25424329E-01 

0.21115703F-01 
-0.37575°66E-01 

0.41259642E-02 
-0.31336493E-01 

0.349251 03E-01 
0.1 552504ZF-01 

0.41384236~-02 -0. r 2 6 4 5 6 9 2 ~ - 0 2  

-0. I 1 3 r o 2 5 9 ~ - 0 1  -0.52i39669~-01 

r 1 . 3 3 2 7 6 i i i ~ - o i  

n. 8501 13620~-01 

n.34312170~-07 

0.67120818E-01 
0.20768113~-01 

-0.35390139E-01 
9.78361614E-01 

-0.94655698F-01 
-0.31333595E-01 

r).86876904E-01 

0.8695903RE-01 
-0.64659777E-01 
-0.34605911E-01 
-0.37753052F-01 

0.17591 177E-01 
0.24533771F-01 

-0.42533304E-01 
-0.3120059RF-01 
-0.45947336F -01 
-0.83682031F-01 
-0.25344286E-01 
-9.605323 7RC-01 
-0.42885578E-01 

0.47529462F-01 
-0.417093hOF-01 
-0.31715766F-02 

0.302 57 096E-01 
0.13851198F-01 

-n.40390373F-oi 

- n . 9 2 i 6 0 8 s i ~ - o i  

-0.42931279~-01 

Space & Re-entry 
Systems Division 
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I8 
19 
20 
21  
22 
23 
27 
30 

101 
104 
201 
203 
2 04 
301 
303 
304 
308 
401 
407 
408 
501 
507 
508 
601 
607 
608 
609 
701 
704 
707 
7 08 
709 
801 
804 
807 
808 
8 09 
901 
904 
907 
908 
9 09 

27 
30 

101 
I04 
201 
203 
204 
301 
303 
304 
308 
401 
407 
408 
501 
507 
5 08 
601 
607 
608 
609 
701 
704 
707 
708 
709 
801 
804 
807 
808 
809 
901 
904 
907 
908 
909 

18 
0.49178747E-04 
0.44588808E-02 
0.531 79587E-02 

-0.31679782E 00 
0.10881236E-03 

-0.11339728E-03 
-0.20556642E-01 
-0.19990589E-01 
-0.16913622E 00 

0.14152 196E-01 

0.14451424E-01 
0.19012582E-01 

- 0 . 1 7 2 ~ ~ 7 2 ~  00 

-0.7 1979293E-02 
0.45789407E-01 

-0.12959730E-01 
-0.11225325E-02 

0.53080764E-01 
-0.60260002E-01 

0.24632786E-01 
0.12120111E 00 
0.47782360E- 01 

-0.55353342E-01 
-0.59489508E-02 

0.20048164E-01 
0.1 1986678E 00 
0.38827629E-01 

-0.22508742E-01 
-0.26 11 9 11 7F- 02 
-0.12363333E-01 

0.53750376E-01 
0.30522767E-01 

-0.93969752E-02 
0.136421 15E-01 

-0.25960130E-02 
0.48931 493E-01 

-0.27180054E-02 

27 
0.37012210E-04 

-0.5728862lE-02 
0.33559951E-01 

-0.8 1563873E- 02 
0.341 003 79E-01 
0.33857766E-03 

-0.97524833E-02 
0-549355386-02 
0.19146442E-02 

-0.87116262E-02 
-0.35335844E-02 
-0.56342939E-02 
0. IO 53361 6E- 02 

-0.20350902 E- 01 
-0.65232168E-02 

0.51637743E-03 
-0.2141 6437E-01 

0.31277246E-02 
0.94951787E-03 

-0.85749171E-02 
0.16094788E-02 
0.37850384E-02 

-0.25951391E-02 
-0.55762659E-03 
-0..87365248E-02 

0.2 7059730E- 02 
-0.29361026E-05 
-0.22880482E-02 

0.30258293E-02 
-0.19205235E-02 

0.3 1689029E-02 
0.24570184E-02 
0.37645230E-03 
O.29453068E-02 

-0.29642973E-02 
-0.8930274t.E- 03 

1 9  

0.22945548E-06 
-0.24157364E 00 
-0.14966369E-01 
-0.17891611E-02 

0.17863653E-02 
-0.11 962564E-02 
-0.261 86033E-02 
0.11 8 1  I 1  05E-02 

-0.34072642E-02 
0.3977360%-02 

-0 -21  305660E-01 
-0.4736116OE-02 

0.11852757E-01 
-0-18964838E-01 
-0.87053685E-02 

0.91093234E-02 
0.12907300E-02 

-0.261 30683E-01 
0.16768443E-01 
0.1389777OE-03 

-0.28433953E-01 
0.16114242E-01 

-0.15747116E 00 
0.68667808E-01 
0.12128846E 00 
0.34223555E -01 

-0.14686758E 00 
-0.15697368E-02 

0.58986623E-01 
0.11878436E 00 
0.29972096E-01 
0.1276429bE 00 

-0.10758585E-01 
0.91326128E-01 
0.88648150E-02 

-0.82488758E-02 
O.IO161996E 00 

-0.41 6763OoE-02 
0.65788666E-01 

-0.11081789E 00 
-0.23582131E-01 

3 0  

0.200691 84E-02 
0.47073985E-01 

-0.13398374E-01 
0.47987554E-01 
0.13297088E-03 

-0.16080132E-01 
0.70738267E-02 
0.22586599E-02 

-0.14409230E-01 
-0.56674336E-02 
-0.96333 1 98E- 02 

0. IO419616E-02 

-0.11128319E-01 

-0.32254133E-01 
0.10258019E-01 

-0.14257648E-02 
-0.16964941E-01 

0.11706013E-02 
0.10902865E-01 

-0.41290626E-02 
-0.33944395E-02 
-0.17122807E-01 

0.30583378E-02 
0.1 I 1  79547E -02 

-0.47686307E-02 
0.58586806E-02 

-0.1595253M-02 
0.60516195E-02 
0.6871 6942E-02 
0.494683 3 1 E -03 
0.67466211E-02 

-0.69790923E-02 
-0.24005877E-02 

-0.30 5 8 2 4 0 3 ~  -01 

n. 10649703~-03 

DETERMI N l S T l  C ERRORS 
20 

0.157729 I IE-06  
-0.40095346E-02 
-0.91192784E-02 

0.93393839E-02 
0 .19626084€-02 
0.31797156F-02 
0.31078967E-01 

-0.21379834E-03 
0 -43828425E-01 

-0.10398806E 00 
-0.24504486E-02 

0.69193666E-01 
-0.82 I10941E-01 

0.9837860lE-01 
0.64465873E-01 

-0.93345589E-01 
0.93872282E-01 

0.11249068E 00 
0.30189659E 30 
0-11806233E 00 

-0.3232072lE 00 
-0.2flOl 548OE-01 

0.84803133E-01 
0.29536283E 00 
0.10776109E 00 
0.35629819E 00 
0.361 03545E-01 
0.20669686E 00 

-0.73267215E-01 
-0.1004370bE 03 

0.16557723E 00 
-0.16385266E-3 I 

-0.35128143~ on 

2 1  

0.131 51242E-06 
-0 -63671 602E-04 

0.62820530E-04 
-0.28591 614E-01 
-0.3 1522340E-0 I 

0.32289154E 00 
-0.22571802E-01 

3.33033522E 00 
-0.31678751E-01 
-0.28067676E-01 

0.11909977E 00 
-0.94344 3 RRE-0 2 
-3.37354790E-01 

0.3 6495 471 E-0 I 
0.31747820E-0 1 

-0.12231930E 00 
3.21792694E-01 
0.17516155E-0 I 

-0.13939250E 00 
0.21557608E 00  

-0.486459096-0 2 
-0.40409049E 00  
-0.75 1 1 4 3 34F -0 2 

0.21987972E 00 
-0.18282049E-01 
-0.31910749E-31 
-0.40416368E 00  
0.234250 IOE-3 1 
0.95749692E-0 1 
3.45451 042E-0 I 
O.Z8188+20E-0 1 

-3.205318936 00 

0.51543077E-01 
-0.16893054E-0 1 
-0.50794738E-0 1 
-0.24717717E 00 

0.63410123E-0 I 

0.3n267738~-01 

-0.581 7 n 4 9 7 ~ - 0  I 

OETERMINISTIC EPRORZ 
101 

0.12931531E-02 
0.52637889E-02 
0.63893925E 00 
O.3+1720P5E-01 
0.66269994E-02 
0.17537995E 00 
0.58630609E-31 
0.51706948E-02 
0.88984530E-02 
0.10179331E 00 
0.63547255E-01 

-0.17691021E 00 
0.10943235E 00 
0.69628212E-01 

-0.18094891E 00 
0.38 852411E-0 1 
0.30265171E-01 

-0.12082794E 00 
-0.35 76942 3 E-0 I 

0.30880908F-01 
0. I8132950E-0 I 
0.39312909E-01 

-0.11905301E 00 
-0.37774033E-0 1 
0.68534938E-01 
0.26652886E-01 
0.75499682E-0 1 

-0.40073527E-01 
-0.53488567E-01 

0.277145COE-01 
0.95236457E-03 
0.58719895E-01 

-0.42291795E-01 
-0.20919788E-0 1 

104 

0.26602928E-04 
-0.41290768E-32 

0.40653244E-0 I 
0.12003319E 00 
0. 19482914E-02 
0.3674418OE-0 1 
0.11640891E 00 
0.602 53463E-0 2 
0.16035no9~-01 

-0.26n30951~-02 
3.65764979E-02 
3.34160274E-01 
0 .13~40168E-0  I 
0.2067671 9E-0 1 

-0.5 741 2 187E-0 1 

0.10196704E 00 
3.14338487F 00 

-3.40270875E-01 
-0. 30060316E-0 I 

0.49996616E-01 
3.9788504 7E-0 1 
0.13328842E 00 
0.39297216E-02 
0.32873212E-01 

-3 .4  1770063E-0 2 
0.7 545383 1 E-02 
0.40550825E-01 

-0.42929743F-03 
0.31 I44690E-0 1 

-0- 2 8661 575E-0 I 
-0.13573754E-02 

0.28072445E-0 I 

n.79774524~-01 

22 

0.14829781E-04 
0.16391056E-03 
0.13591201E-03 
0.24365586E-03 
0.38927900E-03 
0.55940678E-03 
0.60673687E-03 

-0.70787349E- 02 
0.65536731E-03 
0.11585404E- 02 

0.20477405E-03 
0.10294807E-02 
0.28537991.E-02 

-0.29019435E-03 
023893328E-02 
0.28059501E-07 

-0.48005392E-03 
0.22975969E-02 

-0.808063 17E-03 
-0.52 789 2 04E- 0 3 

0.16612523E-02 
0.87206015E-03 

-0.79254570E-03 
-0.251 77033E-04 
-0.45915284E-01 

0.1 6580692E-C2 
0.626816 12E-03 
0.10~44081E-02 
0.74889843E-03 

-0.25 ‘16109lE-03 
-0.1572969RE-02 
-0.73970822E-03 
- 0.8 5 5 144SOE- 04 
-0.30719923E-04 
-0.89027757F-03 
-0. Q4637697E-03 

0.41641Q15E-03 

-0. 1 ~ 5 5 6 2 4 ~ ~ - 0 2  

20 I 

0.12903034E-02 
0.12345773E-01 

-0.54784701E-02 
0.17566899E 00 
0.2 722 5 877E- 01 

-0.68441314E-02 
0.69865639E-02 

0.49739212E-01 
-0.19557297E 00 

0.52877303E-01 

0.46452445E-01 
0.36489ROOE-02 

-0.12857097E 00 
-0.52315612E-01 

0.34924724E-01 
0.25798327E-01 
0. lQA78076E-01 

-0.17594096E 00 
-0.55787574E-01 

0.20190350E-01 
0. hZh52586E- 01 

-0.S2847784E-01 
-0.53036@97F-01 

0.29641671E-01 
-0.443401 IZE- 07 

0.49164988E-01 

-0.2003 122 1E-01 

n .10853327~ on 

0.11422437~ no 

-0.20174179~ no 

0. 6 ~ 4 0 8 4 2 0 ~ - 0 1  

-0 .5749460n~-o i  

23 

0. I 4 8 2 9 6 ~ 8 ~ - 0 4  
-0.14320402E-03 
-0.25701522E-03 
-0.40362 724E-03 
-0.59249602F-03 
-0.62714433E-03 

0.21451558E-02 
-0.69532068E-03 
-0.14066419E-07 

0.191 47723E -02 
-0.2284673OE-03 
-0.10667989F-07 
- 0.298682 76E-02 

n. 266392 3 RE-03 
-n .z4867?33~-02 
-C.29385@75E-02 

0.46168032E-03 
-0.2391945OF-02 

0.71757?89E-O3 
0.60606427E-03 

-0.1 h473460E-OZ 
- O . R R ~ R ~ W ~ F - O ~  

n. 71 1 2 7 1 0 3 ~ - 0 3  

0 . ~ ~ 4 o q 3 0 4 ~ - 0 3  
0.70799465E-04 

-0.16463644F-02 
-0.62836549E-03 
-0.96601946E-03 
-0.78897685E -03 

0.34998589E-03 
0.16521 694E-02 
0.75804233~-n3 
0 . 1 6 7 ~ 4 8 0 1 ~ - n 3  
0.27867669E-04 
0.9805141 OE -03 
0.89899473E-03 

-0.45356660F-03 

203 

0.2203202 1 ~ - n 4  

n.17405884~ on 
0.53LIIPh5E-01 
0.1602q11 OE-02 

0.53905367E-01 
0.14927853F-01 

-0.65647753E-01 

0.161897l lE 00 
o . i 7 3 7 7 1 0 ? ~  on 

-n.56805363~-01 
n . i c 2 1 3 5 7 ~ i  00 
0.17408137~ on 
0.20904676~ on 
n.78405418~-07 
n.85967445~-01 

0 .15524650~ no 

0 . 1 0 5 5 ~ 1 1 4 ~  on 

-0.37091976E-01 

-0.12681 640E-01 
-0.57577224E-01 

0.17673635E-02 

-0.74433035E-02 
0.46128486F-01 
0.11914784E 00 

-0.25308881E-01 
-0.15233466E-01 

0.99889070E-01 
O.13223609E 00 

-0.1Q5366 04E-01 

0 . 2 0 0 2 3 7 ~ 4 ~  on 

n. ~ C ~ O ~ Z Q O E - ~ I  

A-4 

piizqrm 
PHILCO.FOR0 CORPORATION 

Space 6. Re-entry 
Systems Division 
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401 204 
0.20644332E-04 
0.16762875E-02 
0.48353119E-01 
0.14755737E 00 
0.70717709E-02 
0.19717232E-01 

-0.10 632964E-02 
0.91 970861 E-02 
0.42656852E-01 
0.20009556E-01 
0.27080866E-01 

-0.72662815E-01 
0.10280386E 00 

301 

0.48306935E-02 
0.19930514E 00 

-0.27185266E 00 
0.96342453E 00 
0.34827173E-02 

-0.19377489E-01 

DETERMINISTIC 
303 

ERRORS 
304 308 

2 04 
301 
303 
3 04 
3 08 
401 
407 
408 
501 
507 
508 
601 
607 
608 
609 
701 
704 
7 07 
708 
7 09 
801 
804 
807 
808 
809 
901 
904 
907 
9 08 
909 

407 
408 
501 
507 
508 
601 
607 
608 
6 09 
701 

707 
708 
709 
801 
804 
807 
808 
809 
901 
904 
907 
9 0 8  
909 

704 

607 
6 0 8  
609 
701 
704 
707 
708 
7 09 
801 
804 
807 
808 
809 
901 
904 

908 
909 

907 

708 
709 
801 
8 04 
807 
8 08 
809 
901 
904 
907 
906 
9 09 

809 
901 
904 
907 
908 
909 

0.22611145E-04 
-0.81 741145E-02 

0.21606643E 30 
-0.70805715E-01 

0.11880585E 00 
0.16384399E 00 

-0.62740105E-01 
0.1365113AE 00 
0.17551623E 00 

-0.37736065E-01 
0.21083590E 00 
0.56561094E-03 
3.78035614E-3 1 

-0.12783+55E-01 
-0.571 321 29E-01 

0.15748368E 00 
-0.54096984E-02 

0.99002225E-0 1 
-0.47351868E-32 

0.45909881E-01 
0.12526323E 00 
0.20653904E 00 

-0.30963 I 70E-01 
-0.13363982E-01 

n.3339865lE-01 
0.10714690E 00 
0.13379221E 00 

-0.230 30490E-01 

OETERMINISTIC 
501 

0.21580761E-04 
-0.27652250E 00 

0.26974183E-0 1 
0.10607022E-0 I 

-3.91866025E-03 
0.49267567E-0 1 
0.31 168983E-01 
0.16057745E-Ol 

-0.64597767E-0 1 
0.92621 664E-0 1 
0.12306851E 00 
3.17870968E 00 

-0.4422551 1E-01 
-0.35385936E-0 1 

0.571 07076E-0 1 
3.11911795E 00 
0.16501384E 00 
0 - 4 1  182243E-02 
0.40308697E-01 

-0.981 83848E-07 
-3 .44389364E-O2 

0.49597982E-02 
-0.3285R950E-01 
-0.21469989E-01 

-0.3 167 I 097E-01 
-0.19373181E-01 

0.50368633E-01 
-0.25560000E-01 

0.41665423E-01 
0.1 14301 54E-01 
0.253 15078E- 02 

-0.2075991 7E-01 
-0.10841833E-01 

0.32733919E-01 
0.10290095E-01 
0.8038601 OE-02 
0.241 20926E-02 
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